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ABSTRACT 
 
Keywords: Perovskite; Modified BaTiO3; Rare earth; Ball Milling; XRD; SEM; EDX; 
Rietveld; Void species; Microstructure; ceramograph; Dielectric study; 
Diffuse phase transition; Relaxor. 
 
The perovskite family includes many titanates used in various electroceramic 
applications, for example, electronic, electro-optical, and electromechanical applications 
of ceramics. Barium titanate, having a perovskite structure, is a common ferroelectric 
material with a high dielectric constant, which is widely utilized to manufacture 
electronic components such as mutilayer capacitors (MLCs), PTC thermistors, 
piezoelectric transducers, and a variety of electro-optical devices. Because of people’s 
demands, dielectric (essentially nonconducting) characteristics of ceramic materials are 
increasing rapidly. At the same time, people are attempting to reduce the size of all 
communication devices as small and as light as possible. Due to this trend, high dielectric 
constant materials such as barium titanate have nowadays become more and more 
important in ceramic materials. 
 
This thesis describes perovskite structure based on barium titanate composition. Oxide 
perovskites (ABO3) are important electroceramics having a large area of functionalities 
by virtue of their unique magnetic, dielectric, semiconducting or superconducting 
properties. These properties are related to the crystal structure, microstructure, and nature 
and distribution of point defects prevailing in the ceramics, which, in turn, depend on 
 ix 
synthesis routes and processing parameters adopted. Extensive studies are reported in 
literature on these aspects of ceramics. The properties are also sensitive to such factors as 
atomic composition (non-stoichiometry), interfacial characteristics and chemical states as 
well as distribution, spatial and depth-wise, of the constituents of the material. Non-
stoichiometry, oxygen non-stoichiometry in particular, is prevalent in perovskites. 
Oxygen vacancies, apart from bringing about structural modifications, act as donors and 
are responsible for the electrical conductivity of ceramics. The atomic composition in 
interfacial regions of polycrystalline materials is often different from the nominal or bulk 
composition. Therefore, a detailed study on these aspects of materials is desirable for a 
comprehensive assessment of their properties. 
 
This thesis presents investigations on the atomic composition and microstructural features 
of barium titanate and other electronic ceramics, namely, barium calcium titanates,  
barium praseodymium titanates and barium dysprosium titanates, by surface analytical 
techniques. The structural investigations of the ceramics have been carried out by X-ray 
diffraction, Energy Dispersive X-ray Spectroscopy (EDS) in association with scanning 
electron microscopy to probe the ceramographic study along with the compositional 
analysis.  
 
Chapter I gives a brief introduction to the ceramics, their perovskite structure, their 
relaxor behaviour and  theoretical model to explain this concept.  
 
 x 
 Chapter II describes the solid-state syntheses of the ceramics and principles and methods 
of different surface analytical techniques. 
 
Chapter III deals with the structural investigation of the ceramics along 100% RI peak, 
and the void species determination from the FSDP-related XRD. 
 
Chapter IV presents studies on the Rietvelt treatment for its microstructural analysis, 
generated structure, probables bond length, bond angles and generated positions of the 
structure. Different atomic positions of the structure are also presented. 
 
Chapter V describes the different ceramographs in terms of  quantity and their variation 
along with the compositional analysis of various elements in the ceramics and its 
variation according to the different composition of the dopant elements. 
 
Chapter VI describes the dielectric behaviour and its variation with different composition 
of the Ca, Pr and Dy modified BaTiO3 ceramics. The relaxor behaviour of the ceramics is 
well defined and explained in the light of existing theory. 
 
Chapter VII dscribes the different findings in the field of structure, structure with 
Rietveld refinement, ceramograph and its compositions and dielectric behaviour of 
different studied ceramics. The scope for future work is also explained.  
 
 xi 
Electroceramics form an important class of materials of great technical value in numerous 
device applications, for instance, high-dielectric-constant capacitors, piezoelectric sonar 
and ultrasonic transducers, power engineering, radio and communication, medicine and 
health-care and pyroelectric security surveillance devices. The thin film technology has 
further broadened the area of applications into random access memory (DRAM), 
ferroelectric random access memory (FRAM), pyroelectric image arrays and other 
devices. There is a growing interest in miniaturization, integrating electroceramic 
functions onto conventional semiconductor chips and evolution of multifunction 
components and systems. Further, nanosize effects and nanostructuring of 
electroceramics hold much promise, and studies on these aspects are currently pursued 
worldwide. Oxide ceramics, ABO3 perovskite type in particular, are the most extensively 
used electroceramics having a variety of functionalities. 
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1.1 Background, properties and applications of perovskites  
 
The perovskite structure has shown great flexibility of composition, incorporating nearly 
every member of the periodic table. The basic perovskite framework (see Fig. 1.1), a 3-
dimensional array of corner-sharing octahedra, is also the basis for related structures, 
known collectively as layered perovskites, which include two-dimensional layers of 
corner-sharing octahedra separated by layers of cations. The perovskite and layered 
perovskite structures can incorporate ions of a variety of sizes and charges, as this 
framework is flexible, allowing for subtle distortions that ease the bond strains created by 
size mismatch. However, the perovskite structure does compete with other structures of 
similar stoichiometry, particularly the defect pyrochlore structure. Perovskites and 
layered perovskites are of great interest for the wide variety of useful properties that they 
exhibit. Each of these properties is influenced by the structure, as subtle changes alter 
symmetry considerations, bond overlap, and band energy levels. Understanding and 
predicting the structure of these compounds is essential for the intelligent design of new 
and useful materials. 
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Fig.1.1: The polyhedral representation of the ternary perovskite structure, with the B or A-cations in the 
octahedra 
 
1.1.1 Historical background 
The mineral perovskite, CaTiO3, was discovered by German chemist and mineralogist 
Gustav Rose in 1839, who named it for Russian dignitary Lev Alexeievich  Perovsky [1]. 
Since then, the name “perovskite” has been applied to the many compounds, synthetic 
and natural, that have similar structure and stoichiometry. Much of the early work on 
synthetic perovskites was done by V.M. Goldschmidt [2, 3] who developed the principle 
of the tolerance factor, [2]  as well as other principles in use today. Natural perovskites 
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make up much of the Earth‟s mantle (50-90%) in the form of MgSiO3. The dense packing 
of the perovskite structure makes it ideal for high-pressure environments like this. It is 
believed to be the most abundant mineral within the Earth. The perovskite structure is 
also a part of many materials whose properties make them useful in industry, from 
ferroelectric behavior to superconductivity and colossal magnetoresistance. The 
properties of different types of perovskites and perovskite-like structures are discussed 
below. 
 
1.1.2 Properties of ordered perovskites 
Ordered perovskites are of great interest due to the flexibility that they introduce into the 
composition. Having multiple cations at a particular site allows for ions of greater or 
lesser oxidation state to be incorporated. Ordering of these cations affects the symmetry 
of the structure, and further, the bulk properties of the material. One of the most 
interesting perovskites is BaTiO3, whose ferroelectric nature has gained it attention as a 
high-κ dielectric. Substitutions at both the A- and B-sites have been made in an attempt to 
make these materials more technologically useful. There is a peak in the dielectric 
constant at a resonant frequency, and the dielectric constant also tends to be variable with 
temperature. It has been found that ordering of the cations affects the dielectric loss of a 
material, as well as the smoothness of the phase transition with temperature [4, 5]. For 
these reasons, perovskites have been explored as possible dielectric relaxors [6, 7]. 
 
1.2 Introduction to the perovskite structure 
1.2.1 General descriptions of perovskites structure 
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The simple, or ternary, perovskites have the stoichiometry ABO3 (also noted as AMX3), 
where O is an anion and A and B are cations. Typically, the A-cation is a large soft cation 
with low valency, often an alkali or alkaline earth metal. The B-cation, in contrast, tends 
to be smaller and more highly valent. Almost every element on the periodic table, aside 
from the noble gases, has been incorporated into the perovskite structure. The structure 
can be thought of as a three-dimensional network of corner-sharing BO6 octahedra (Fig. 
1.1). The network forms a cubic array in which the B-O-B bond angles are ideally 180°. 
The A-cations sit in a cube of 8 BO6 octahedra and are coordinated by 12 anions. 
 
The ideal, undistorted structure, or aristotype, is cubic and has the space group Pm3¯m 
(221). The structure can be described with either the A-cation or the B-cation at the 
origin. When the B-cation is at the origin, it has the Wyckoff position 1a (0,0,0). The A-
cation has the Wyckoff position 1b (½, ½, ½), and the O-anion the position 3d (½, 0,0). 
 
1.2.2 Crystal structure of perovskites 
Perovskites in general refer to a family of compounds whose structures are related  to that 
of the mineral perovskite (CaTiO3). The ideal perovskite structure has a cubic unit cell of 
side about 3.9Å, space group Pm3m and contains one formula unit. The „B‟ ions have an 
octahedral oxygen coordination and the „A‟ ions have 12-fold coordination. The oxygen 
ions are linked to six cations, 4A and 2B [8]. The structure of a perovskite can be 
visualized in several ways. In one such representation, „B‟ is located at the center of the 
cube with oxygen at the face centers and A at the corners. This is referred to as B-type 
unit cell and is shown in Fig.1.2(a). In another depiction, known as A-type unit cell as 
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shown in Fig.1.2(b), „A‟ is located at the center of the cube, oxygen at the middle of cube 
edges and B at the corners. The most useful approach is to consider it to be a framework 
of corner-shared [BO6]
8−
 octahedra, forming dodecahedral void in which A cations are 
situated [Fig.1.2(c)]. The dimensions of the framework are determined by the B−O 
distance which requires cell edge, a0 = 2(RB + RO). This determines the size of the 
dodecahedral void, which in turn controls the permissible size of the „A‟. If the relative 
sizes of A, B and O are appropriate, an ideal perovskite, for example SrTiO3, results; 
otherwise distortion occurs leading to the formation of such related structures as 
tetragonal, rhombohedral, orthorhombic, monoclinic or triclinic. 
 
Figure 1.2:  The perovskite structure ABO3 :  (a) B- type unit cell, (b) A-type unit cell and (c) [BO6]
8- 
octahedral frame work [13, 15] 
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1.2.3 ABO3 perovskite ceramics 
Electroceramics form an important class of materials of great technical value in numerous 
device applications, for instance, high-dielectric constant capacitors, piezoelectric sonar 
and ultrasonic transducers, power engineering, radio and communication, medicine and 
health-care and pyroelectric security surveillance devices [9, 10]. The thin film 
technology has further broadened the area of application into random access memory 
(DRAM), ferroelectric random access memory (FRAM), pyroelectric image arrays and 
other devices [11-13]. There is growing interest in miniaturization, integrating 
electroceramic functions onto conventional semiconductor chips and evolution of 
multifunction components and systems. Further, nanosize effects and nanostructuring of 
electroceramics hold much promise and studies on these aspects are currently pursued 
worldwide [9]. 
 
Oxide ceramics, ABO3 perovskite type in particular, are the most extensively used 
electroceramics having a variety of functionalities. No other class of materials exhibits 
such a wide range of properties (dielectrics, ferroelectricity, piezoelectricity, semi-and 
superconductivity, ferro-and anti-ferromagnetism, colossal magnetoresistance (CMR), 
etc.), which can be exploited for electronic applications [10]. ABO3-type oxides are 
known to stabilize with a wide range of A (Ca, Ba, Sr, Mg) and B (Ti, Mn, Zr, Sn) ions 
with „A‟ having larger ionic radius than that of „B‟. These oxides exist in structurally 
different forms, which are broadly classified into perovskite and ilmenite on the basis of 
tolerance factor, t, defined by Goldschmidt [14] as 
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OB
OA
RR
RR
t
2
                                            …(1) 
where RA, RB are the radii of cations „A‟ and „B‟, respectively, and RO is the radius of 
anion O
2−
. In general, when t = 1 ideal perovskite structure, for example, SrTiO3, is 
stabilized whereas in the case of t being in the range 0.75 ≤ t ≤ 1, distorted perovskites 
such as BaTiO3 and CaMnO3 are realised. ABO3 oxides with t < 0.75 have ilmenite-type 
structures (e.g., FeTiO3, MgTiO3, CdTiO3) and those having t >1 have hexagonal 
structures (e.g., CaCO3). 
 
BaTiO3 is one of the most important perovskites. It is a ferroelectric material and displays 
interesting electrical characteristics, which have been the subject of numerous 
investigations for the past few decades. Excellent reviews are available in literature on 
different aspects of this compound [15-17]. Titania-rich barium titanates, (Ti/Ba >1), 
known as barium polytitanates, are of considerable inertest for microwave dielectric 
applications [18]. CaTiO3 and MgTiO3 based ceramics are also being actively 
investigated for similar applications [19]. Perovskite manganites, Ln1-xAxMnO3 with Ln 
being a rare earths element and A, an alkaline earths element, are prominent solid oxide 
fuel cell (SOFC) materials. These materials also exhibit colossal magnetoresistance 
(CMR) and are currently attracting considerable research activities [20]. 
 
1.3 Ferroelectricity 
All crystals are divided into 32 different point groups on the basis of symmetry elements, 
namely: (a) centre of symmetry, (b) axis of rotation, (c) mirror planes, and (d) a 
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combination of all these. The point groups are listed in Table 1.1. Eleven point groups out 
of 32 are centro-symmetric and consequently do not possess polar properties or 
spontaneous polarization. One of the remaining 21-noncentro-symmetric point groups, 
though lacking a centre of symmetry, possess other combined symmetry elements which 
prevent polar characteristics. However, the rest 20-point groups have one or more polar 
axis and thus can exhibit various polar effects such as piezoelectricity, pyroelectricity and 
ferroelectricity. 
 
Table 1.1  Classification of crystal point group: The 32 crystal point groups 
 
 
 
All these 20 point groups are piezoelectric in which polarisation can be induced by an 
applied mechanical stress. There are 10 crystal classes out of these 20, which exhibit 
permanent polarisation, known as spontaneous polarization, in the absence of an applied 
electric field or stress. Such materials are known as pyroelectric since the spontaneous 
polarisation also changes with temperature. The spontaneous polarisation of a polar 
material results from an inherent asymmetry within the basic crystal cell. Pyroelectric 
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materials whose direction of spontaneous polarisation can be changed by an applied 
electric field are known as ferroelectrics. Therefore two, conditions necessary in a 
material to classify it as ferroelectrics are: (i) the existence of spontaneous polarization, 
and (ii) a demonstrated reorientation of polarization. 
 
The origin of ferroelectricity in BaTiO3 can be traced to its structure [21]. The size of the 
octahedral interstice formed by BaO3 layers is large due to higher ionic radius of Ba
2+
 
ions. Consequently, smaller Ti
4+
 ions can settle in the octahedral hole and are slightly 
displaced from the centre of symmetry of the BO6 octahedron at lower temperatures. 
Ferroelectricity arises from the coupling of such displacements and the associated dipole 
moments. As mentioned earlier, all low-temperature forms of BaTiO3 exhibit 
ferroelectricity. However, its high-temperature cubic form is not ferroelectric as the 
structure has a centre of symmetry and no polar axis. The temperature of transition from 
ferroelectric to non-ferroelectric form is known as the Curie temperature (Tc). 
 
The ferroelectricity in ABO3 is mainly controlled by the sizes of the „A‟ and „B‟ ions. It 
is generally found in perovskites with large A ions (K
+
, Ba
2+
, Pb
2+
) and small B ions 
(Ti
4+
, Nb
5+
). Tc is approximately 131°C in undoped BaTiO3, but appropriate A-site 
substitutions with divalent cations of different atomic radii can shift it to higher (e.g. Pb) 
and lower (e.g. Sr) temperatures, as illustrated in Fig. 1.9 [22]. 
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Fig. 1.3: Shift in Curie temperature, Tc, as a function of A-site dopant concentration [35] 
 
1.3.1 Classification of ferroelectric crystals 
Depending on the temperature variation of dielectric constant or Curie constant C, 
ferroelectrics can be divided into two groups. In one group, the compounds undergoing 
order-disorder-type transition have a Curie constant of the order 103 while for the other, 
which undergoes displacive-type transition, it is of the order of 105. Initially, ferroelectric 
materials were broadly classified into two categories: (a) soft (KH2PO4 - type), and (b) 
hard (BaTiO3 -type).The phase transition in soft (H-bonded) ferroelectrics is of order- 
disorder type where, as in hard ones it is displacive type. The phase transition in soft 
ferroelectrics involves not only the ordering of the disordered hydrogen atom, but also the 
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deformation of the atomic groups like SO4 
-2
, Se4
-2
  and PO4 
-3
. In case of displacive type 
of transition a small atomic displacement of some of the atoms is mainly responsible for 
phase transition, which has been found in some of the perovskites.  
 
However, the difference between displacive and order-disorder type of transition 
becomes uncertain when the separation of relevant disorder becomes comparable with the 
mean thermal amplitude of those atoms. The character of ferroelectrics is represented in 
terms of the dynamics of phase transition 
 
1.3.2 Diffuse phase transitions (DPT) 
The capacitance-temperature curves of some ferroelectrics show broad maxima and a 
large deviation from the Curie-Weiss law. These characteristics are explained on the 
basis of diffuse phase transitions. Ferroelectric to paraelectric phase transition which 
extends over a temperature interval due to the coexistence of two or more phases within a 
range of temperatures is known for isovalent as well as aliovalent-substituted BaTiO3 
solid solutions. Ba(Ti, Sn)O3, Ba(Nb1.5Zr0.25)O5.25, Ba(Ti, Zr)O3, (Ba, Sr)TiO3 and 
BaTiO3 + x at.%  Nd are reported to show diffuse phase transition behaviour [23-25]. The 
nature of DPT cannot be described by the classical theory of ferroelectric transition. Its 
origin is not clear and is considered to be associated with either compositional or thermal 
or inter-granular strains [26-28]. Point defects arising from the inherent non-
stoichiometry can also induce DPT behaviour [29]. 
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Generally, materials showing DPT behaviour are considered to contain polarized micro-
regions called Känzig regions, all having somewhat different phase transition 
temperatures [30]. These small differences may be due to mechanical stress distribution 
in the material or due to the variations in chemical composition caused during sintering. 
Implied in this concept is the increased stress in microstructure during the cubic to 
tetragonal transition, which is largely compensated by ferroelectric domains. For 
ceramics of smaller grain size (less than a few microns), this compensation is incomplete 
and is said to be the major reason for the observed distribution of Tc. The contribution 
from chemical inhomogeneity (e.g. resulting from differences in the Ti/Sn ratio) to the 
distribution of Tc can be small. The spread of Tc values arises from the decrease in the 
heat of transformation with increase in chemical inhomogeneity. Since the enthalpy 
change tends to zero, the free energy change around Tc should be very small.  
 
The most remarkable examples of DPT are found in ferroelectric materials [31]. 
Ferroelectrics diffuse phase transitions (FDPT) are first mentioned in the literature in the 
early 1950‟s [32]. Some characteristics of the DPT are: (a) broadened maxima in the 
permittivity- temperature curve, (b) gradual decrease of spontaneous and remanent 
polarisations with rising temperature, (c) transition temperatures obtained by different 
techniques which do not coincide, (d) relaxation character of the dielectric properties in 
transition region, and (e) no Curie-Weiss behavior in certain temperature intervals above 
the transition temperature. The diffuseness of the phase transition is assumed to be due to 
the occurrence of fluctuations in a relatively large temperature interval around the 
transition. Usually two kinds of fluctuations are considered: (a) compositional 
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fluctuation, and (b) polarization (structural) fluctuation. From the thermodynamic point 
of view, it is clear that the compositional fluctuation is present in ferroelectric solids-
solutions and polarization fluctuation is due to the small energy difference between high 
and low temperature phases around the transition. This small entropy difference between 
ferroelectric and paraelectric phase will cause a large probability of fluctuation. Kanzing 
[33] has observed from X-ray diffraction that in a narrow temperature range around the 
transition BaTiO3 single crystal splits up into FE and PE micro-regions. According to 
Fritsberg [34], substances of less stability are expected to have a more diffuse transition. 
For relaxor as well as other FDPT, the width of the transition region is mainly important 
for practical applications. Smolensky [35] and Rolov [36] have introduced a model 
calculation, based on the concept of Gaussian distribution for both the compositional and 
polarisation fluctuation, from which the diffuseness parameter can be calculated.  
 
Complex perovskite-type ferroelectrics with distorted cation arrangements show DPT 
which is characterised by a broad maximum for the temperature dependence of dielectric 
constant (%‟) and dielectric dispersion in the transition region [35, 37]. For DPT, ε‟ 
follows modified temperature dependence 
 
                                                        CTT m
m
/)(
11
                                      .… (2) 
                                                                                                                            
where Tm is the temperature at which  reaches maximum, m  is the value of  at Tm, C 
is the modified Curie Weiss like constant and  is the critical exponent, explains the 
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diffusivity of the materials, which lies in the range 1< <2 [38]. The smeared out  vs. 
T response has generally been attributed [39-40] to the presence of microregions with 
local compositions varying from the average composition over length scale of 100 to 
1000 Å. Different microregions in a macroscopic sample are assumed [41] to transfer at 
different temperature, so-called Curie range, leading DPT which is due to compositional 
fluctuations. The dielectric and mechanical properties of FE system below their TC are 
functions of the state of polarisation and stress. So ferroelectrics have major application 
today because of their characteristic electro-optic, dielectric and hysteresis properties. 
 
For many practical applications, it is desired to use the very large property maxima in the 
vicinity of the ferroelectric phase transition, to move the transition into the temperature 
range of interest and to broaden and diffuse the very large sharp peak values. In DPT the 
dielectric maxima is now much rounder and polarisation persists for a short range of 
temperature above Tm. 
 
1.3.3 Difference Between NFEs and RFEs 
 
In order to appreciate and understand the properties of relaxors, it is useful to contrast 
some of their properties with those of normal ferroelectrics. We do so with the help of 
Fig. 1.4. The difference is as follows: 
 
The P-E hysteresis loop (Fig. 1.4 a) is the signature of a ferroelectric in the low- 
temperature FE phase. The large remanent polarization, PR, is a manifestation of the 
cooperative nature of the FE phenomenon. A relaxor, on the other hand, exhibits a so-
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called slim-loop as shown on the right-hand side. For sufficiently high electric fields the 
nanodomains of the relaxor can be oriented with the field leading to large polarization; 
however, on removing the field most of these domains reacquire their random 
orientations resulting in a small PR. The small PR is evidence for the presence of some 
degree of cooperative freezing of dipolar (or nanodomain) orientations. 
                         Normal ferroelectrics                                 Relaxors 
(a) Hysteresis Loop 
  
(b) Temperature dependent spontaneous polarization 
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(c ) Temperature dependence dielectric response 
 
 
 
Fig.1.4: difference between the properties of normal ferroelectrics and relaxor ferroelectrics 
 
• The saturation and remanent polarizations of a ferroelectric decrease with increasing 
temperature and vanish at the FE transition temperature (TC). The vanishing of P at TC is 
continuous for a second-order phase transition (Fig.1.4 b) and discontinuous for a first-
order transition. No polar domains exist above TC. By contrast, the field-induced 
polarization of a relaxor decreases smoothly through the dynamic transition temperature 
Tm and retains finite values to rather high temperatures due to the fact that nano-size 
domains persist to well above Tm. 
 
• The static dielectric susceptibility, or dielectric constant ( ε‟), of a ferroelectric exhibits 
a sharp, narrow peak at TC (Fig. 1.4 c). For a single crystal, the peak is very sharp and the 
width at half max is ~10~20 K. For a mixed oxide FE, e.g., a PZT, the peak is somewhat 
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rounded due to compositional fluctuations, and the width at half max is typically ~20~40 
K. The FE response is frequency independent in the audio-frequency range. By contrast, 
a relaxor exhibits a very broad ε(T) peak and strong frequency dispersion in the peak 
temperature (Tm) and in the magnitude of ε below Tm. The conventional wisdom has been 
that the broad ε(T) peak, also referred to as a “diffuse phase transition,” is associated with 
compositional fluctuations leading to many micro FE regions with different compositions 
and TC‟s. The breadth of the peak is simply a manifestation of the dipolar glass-like 
response of these materials. 
 
• The temperature dependence of ε‟ of a ferroelectric obeys a Curie-Weiss law, ε =C/(T-
T0), above TC, which could be shown by the linear 1/ ε vs. T response. By contrast, ε(T) 
of a relaxor exhibits strong deviation from this law for temperatures of many 10s to a few 
100s degrees above Tm. 
 
• The FE transition can be thermodynamically first- or second-order and involves a 
macroscopic symmetry change at TC. Transparent FEs exhibit strong optical anisotropy 
across Tm. 
 
Table 1.2 shows the difference between the properties of normal ferroelectrics and 
relaxor ferroelectrics of perovskite type material. 
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Table 1.2 Difference between the properties of normal ferroelectrics and relaxor 
ferroelectrics of perovskite type [41]. 
Parameters                            Normal Ferroelectrics               Relaxor Ferroelectric 
Octahedral site                                    ------                                      More than one 
Occupation                                         -------                                    Different cations 
Composition                                      -------                                     Nanoscopic scale 
Polar region size                       Microdomains                                  Nanodomains 
Symmetry ( T  Tc)                  Tetragonal, Orthorhombic           Microscopically cubic 
                                                          Or Rhombohedral                         
Ferroelectric-paraelectric                   Sharp                                                Diffuse 
  Transition               
Frequency dispersion of ε      ε not dependent on f                  ε decreases when f          
                                                                                                               increases                   
Frequency dependence of      Tc not dependent on f             Tm increases when f                
 Tc  (or Tm)                                                                                        increases 
Thermal variation of ε in      Curie-Weiss law                   Deviation from Curie-Weiss  
Paraelectric phase                                                                                   law 
Thermal variation of  Ps      sharp (1
st
 order transition)                progressive decreases  
at T c (or Tm) on heating       or progressive 2
nd
 order              with a  polarization t for   
                                                                                                                      T  Tm 
 
Tc= Curie Temp. , Tm = Temp. of max. Permitivity ε, f = Frequency, Ps = spontaneous 
Polarization. 
 
 
The above discussion makes it very clear that the properties and physics of relaxors are 
very different from those of normal ferroelectrics. 
 
1.3.4. Theoretical model explanation of relaxor behaviour 
The relaxor behaviour in normal ferroelectric materials results from compositionally 
induced disorder or frustration. In the ABO3 oxides, substitution of ions of different sizes, 
valencies, electro-negativities and polarisabilities at both the A and B lattice sites 
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produces a dipolar defect and introduces a sufficiently high degree of disorder so as to 
break translational symmetry and prevent the formation of long-range ordered state (Dial 
et al. 1993; Dial et al. 1996). In reflecting on the occurrence of relaxor behavior of 
perovskites, there appear to be three essentials ingredients: the existence of lattice 
disorder (Priya and Viehland 2002; Lu 2004), evidence for the existence of polar nano 
domains at temperature much higher than Tm and these domains existing as islands in a 
highly polarizable (soft-mode) host lattice (Gupta and Viehland 1996). The existence of 
nano-polar regions has also been evidenced by several other experimental techniques 
such as transmission electron microscopy (Randall and Bhalla, 1989), diffuse X-ray 
scattering and neutron diffraction studies ( de mathan, 1991; Conlone et al 2004; Gehring 
et al 2004; Xu et al 2004). Various physical models such as superparaelectric model [40], 
order-disorder transition model [42-43], microdomain and macrodomain switching model 
[44], dipolar glass model [45-46] and random field model [47-48] have been proposed to 
explain the behaviour of RFEs. 
 
1.3.5. Theoretical description of ABO3 relaxor ferroelectric [49] 
Relaxor ferroelectric or relaxor exhibit many properties similar to those of spin or dipolar 
glasses. Relaxor behaviour in normal ferroelectric material results from compotionally 
inheriety disorder or frustration [50]. This behaviour has been observed and studied most 
extensively in ABO3 perovskite ferroelectric. Three essential ingradients of relaxor 
ferroelectrics are the existence of lattice disorder, evidence of the existence of polar nano 
domains at temperature much higher than Tm and the existence of domain as island in a 
highly polarisable host lattice. 
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To close similarity, spin glasses are magnetic systems in which the interactions among 
the magnetic moments are both random and frustrated because of structural disorder. A 
common feature of these systems, and the one that makes them such an interesting object 
of study, is that they exhibit a freezing of magnetic moments in random directions at an 
apparently sharp temperature Tsg.[51]. Under the most commonly studied Ising model of 
spin glass consisting of N Ising spin Si = 1, i = 1, 2, …, N, in the presence of an 
externally applied magnetic field H, the Hamiltonian for the model becomes [52] 
                                                   
i
iji
ji
ijH SHSSJH
,2
1
                                 ….(3) 
Under the assumptions of one-dimensional nearest-neighbour interaction 
                                                   
n n
nnnH HJH 1                                  …. (4) 
Because the relaxors are materials with random site lattice disorder, it is natural to resort 
to models that investigate the role of random fields. In ABO3 relaxors, the dipolar 
nanodomains formed by chemical substitutions create random electric fields in the host 
lattices. 
 
For an Ising spin model with infinite-ranged interactions with statistically-independent 
site field, one considers a collection of spin s = 1 located at lattice sites i,j and 
interacting in such a away that the total energy ,or Hamiltonian , is  
 
                                                            
iji i
njiH SSJH                                ….(5)        
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Here the interaction J is a constant that incorporates all electronic properties in a  
phenomenological way, and <,ij> designates nearest- neighbor pairs. 
 
Although in Eq. (8) the quantities Sij are called “spins” the model is by no. means 
restricted to magnetism. This model can describe any solid state system that has a 
transition with a doubly degenerate order state , and contains  frozen impurities or point 
defects that break the symmetry and cannot move on the relevant time scale. The 
important feature of relaxor is the presence of compositional and structural disorder, 
which breaks translation symmetry and produces random dipolar nanodomains. 
 
In spite of several attempts, the nature of diffused phase transition in relaxor 
ferroelectrics has still remained in a controversial stage. Experimental evidence in them 
showed incompatibility with the assumptions of fixed-length ordered parameter as 
proposed in dipolar glasses or spin glasses. In the previous model, we have described 
relaxor ferroelectrics by an ordering field of fixed length under Ising model. Because of 
basic reorientable polar nanoclusters, i.e. the “pseudospins” vary in both their size and 
orientation, the relaxor corresponds to new type of dipolar glasses, namely spherical 
vector glasses, and the order parameter field is described as a continuous vector field of 
variable length. Pseudospin Hamiltonian of a relaxor under Spherical Random Bond-
Random Field (SRBRF) model takes the form [53]:  
                           
i i
iijiijs SEgShSSJH

...
2
1
                     ….(6) 
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where iS

dipole moment of the i
th
 polar cluster, Jij random intercluster interactions 
(J0/N mean value, (J)
2
/N variance), E

external electric field, ih

random fields (0 
mean value, Δδδhh μvij
c
aviviμ
).  
For isotropic system, spontaneous polarisation below Tc is given by [54], 
                                 
2
0
2
0
2 11
JJ
T
J
J
P                                              ….(7)   
 
Including the pseudospin lattice coupling interaction, for the nano-domains are being 
dispersed in a deformable lattice, the total Hamiltonian now becomes [54] 
                                                          SLLS HHHH                                         ….(8) 
where HL and HSL are the lattice (phonon) contribution  and pseudospin polar phonon, 
respectively. The lattice coupling modifies the uncoupled interaction parameters J0 and J 
to J0
*
 and J
* 
[55] The phase transition to an inhomogeneous ferroelectric state occurs 
below transition temperature Tc given by  
                                  
2**
0
*
0
)()(
1
jj
JkTc                                                          ….(9) 
 
In summary, the coupled SRBRF- phonon model of relaxors appears to be successful in 
explaining the relaxor properties of ferroelectrics.   
 
1.4 Barium titanate (BaTiO3) 
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1.4.1 Structure of perovskite-barium titanate (BaTiO3) 
 
 
The perovskite-like structure, named after the CaTiO3 perovskite mineral [56] , is a 
ternary compound of formula ABO3 in which A and B cations differ in size. It is 
considered an FCC- derivative structure in which the larger A cation and oxygen together 
form an FCC lattice while the smaller B cation occupies the octahedral interstitial sites in 
the FCC array. There is only the oxygen being B cation‟s nearest neighbor. 
 
The structure is a network of corner-linked oxygen octahedra, with the smaller cation 
filling the octahedral holes and the larger cation filling the dodecahedral holes [57]. The 
unit cell of perovskite cubic structure is shown below in Fig. 1.5  
 
Figure 1.5:  Perovskite structure (BaTiO3) 
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In Fig. 1.5, we can see that the coordination number of A (Ba
+2
 Barium) is 12, while the 
coordination number of B (Ti
+4
 Titanium) is 6. In most cases, the above figure is 
somewhat idealized [58]. In fact, any structure consisting of the corner-linked oxygen 
octahedra with a small cation filling the octahedral hole and a large cation (if present) 
filling the dodecahedral hole is usually regarded as a perovskite, even if the oxygen 
octahedra are slightly distorted [59]. Also, it is unnecessary that the anion is oxygen. For 
example, fluoride, chloride, carbide, nitride, hydride and sulfide perovskites are also 
classified as the perovskite structures. As a result, we can say that perovskite structure 
has a wide range of substitution of cations A and B, as well as the anions, but remember 
that the principles of substitution must maintain charge balance and keep sizes within the 
range for particular coordination number. Because the variation of ionic size and small 
displacements of atoms that lead to the distortion of the structure and the reduction of 
symmetry, have profound effects on physical properties, perovskite structure materials 
play such an important role in dielectric ceramics. 
 
1.4.2 Principles of dielectrics 
Dielectrics and insulators can be defined as materials with high electrical resistivities [60] 
. A good dielectric is, of course, necessarily a good insulator, but the converse is by no 
means true. Dielectric properties, dielectric constant, dielectric loss factor, dielectric 
resistivity, and dielectric strength will be interpreted as follows. 
 
Capacitance. The principal characteristic of a capacitor is that an electrical charge Q can 
be stored [61]. The charge on a capacitor is given in Eq.(10), 
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                                                             Q=CV                                                            .…(10) 
where V is the applied voltage and C is the capacitance. The capacitance C contains 
both a geometrical and a material factor [61]. For a large parallel plate capacitor of area 
A and thickness d the geometrical capacitance in vacuo is given by Eq.(11), 
                                                            C0=(A/d)*ε0                                                   …. (11) 
where ε0 is the permittivity (dielectric constant) of a vacuum [61]. If a ceramic material 
of permittivity ε is inserted between the capacitor plates, 
                                                     C=C0*(ε / ε0)=C0κ΄                                                 ....(12) 
where κ΄ is the relative permittivity or relative dielectric constant, then the capacitance 
can be shown in Eq.(12). Thus it is the material property that determines the capacitance 
of a circuit element. 
 
Dielectric loss factor. The loss factor ε΄, as shown in Eq.(13), is the primary criterion for 
the usefulness of a dielectric as an insulator material [62]. 
                                                                  ε΄ = tanδ / ε                                               .…(13) 
In Eq.(13), ε is dielectric constant as defined above, while tanδ is the dissipation factor. 
For this purpose, it is desirable to have a low dielectric constant and particularly a very 
small loss angle [62]. Applications that are desirable to obtain a high capacitor in the 
smallest physical space, the high-dielectric constant materials must be used and it is 
equally important to have a low value for the dissipation factor, tanδ [62].  
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Dielectric strength. Dielectric strength is defined when the electric field is just sufficient 
to initiate breakdown of the dielectric [60]. It depends markedly on material 
homogeneity, specimen geometry, electrode shape and disposition, stress mode (DC, AC 
or pulsed) and ambient conditions. 
 
1.3.3 Dielectric characteristics of barium titanate 
Barium titanate was the first developed piezoelectric ceramic and even now it is still 
widely used. It is also a well-known material used for capacitors. The crystallographic 
dimensions of the barium titanate lattice change with temperature, as shown in Fig.1.6, 
due to distortion of the TiO6 octahedra as the temperature is lowered from the high 
temperature cubic form [56]. 
 
 
Figure 1.6: Lattice parameters of BaTiO3 as a function of temperature 
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Because the distorted octahedra are coupled together, there is a very large spontaneous 
polarization, giving rise to a large dielectric constant and large temperature dependence 
of the dielectric constant as shown in Fig. 1.7 [62]. 
 
Figure 1.7: Dielectric constants of BaTiO3 as a function of temperature 
In Fig. 1.6 we can see that above 120°C, Curie point Tc, barium titanate ceramic is cubic 
structure acting isotropic. The Ti atoms are all in equilibrium positions in the center of 
their octahedra [62]. Shifting of Ti atom due to applied electric fields could cause the 
structure to be altered, creating electric dipoles. For example, when temperature is below 
the Curie temperature, the octahedral structure changes from cubic to tetrahedral 
symmetry and the position of the titanium ion becomes an off-center position 
corresponding to a permanent electric dipole. As the temperature is changed, the 
crystallographic dimensions change due to distortion of the octahedra resulting in 8 
octahedra being coupled together and having a very large spontaneous polarization that 
leads to a large dielectric constant. These sensitive crystallographic fluctuations with the 
temperature are shown in Fig. 1.8. 
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Fig. 1.8: Crystallographic changes of BaTiO3 
 
The dielectric characteristics of barium titanate ceramics with respect to temperature, 
electric field strength, frequency and time (aging) are also very dependent on the 
substitution of minor amounts of other ions, on microstructure, and in particular on fine 
grain size. For example, the room-temperature relative dielectric constant increases as the 
grain size of the fast-fired BaTiO3 ceramic is decreased [63]. When compared with 
milling method, chemical mixing techniques show an advantage in enhancing the 
microhomogeneity of additives, modifying the surface states and then have an effect on 
the properties of coated ceramics.For instance, in coating process silica is a well-known 
sintering aid that improves the sintering behavior of BaTiO3 particles and also can 
produce a core-shell-like structure. By adjusting the core-shell structure, we can control 
the dielectric properties. The coating process not only can increase the shrinkage rate that 
improves the sintering behavior but also can inhibits the grain growth. 
 
1.3.4  Phase transitions in BaTiO3 
BaTiO3 has several polymorphs. It has the prototype perovskite structure above 131°C. 
Below this temperature, it transforms successively into three different ferroelectric phases 
as shown below [64]: 
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The transitions between low temperature polymorphs are reversible. A distortion along 
<100> (one of the cell edges) in the cubic phase below 131°C leads to the stabilization of 
tetragonal structure. Below 5°C, distortion occurs along one of the face diagonals <110> 
thereby stabilizing the orthorhombic phase. Finally, below -90°C, the distortion along 
<111> direction, one of the body diagonals, results in the rhombehedral phase. In these 
ferroelectric phases, Ti
4+
 is displaced in <100>, <110>, and <111> successively as the 
crystal is cooled from the high temperature paraelectric cubic phase to low-temperature 
rhombohedral phase. The transitions between polymorphs are displacive except between 
hexagonal and cubic structures. In contrast to cubic BaTiO3, the hexagonal perovskite 
does not transform to tetragonal or other polymorphs. Once formed at high sintering 
temperature, the hexagonal structure is retained even at room temperatures. 
 
1.4.5 Applications 
1.4.5.1 Multilayer ceramic capacitors (MLCs) 
 
Multilayer capacitors structure, as shown in Fig. 1.9, enables the maximum capacitance 
available from a thin dielectric to be packed into the minimum space in a mechanically 
robust form [64]. 
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Fig. 1.9:  Schematic diagram of a multi layer ceramic capacitor construction 
 
Recently, multilayer ceramic capacitors (MLCs) with Ni electrodes have been 
increasingly produced to meet growing requirements for miniaturization, large 
capacitance and cost reduction [65]. Firing the dielectric materials in a low-oxygen 
partial pressure to prevent Ni from oxidizing is one method to miniaturize MLCs. Then 
additions of MgO and Li2O-SiO2-CaO glass components are effective not only in 
preventing the dielectric material from reducing but also in controlling the temperature 
dependency of the dielectric constant. Because of appealing of heterogeneous 
microstructure, so-called core-shell structure that showed a typical ferroelectric domain 
pattern, microstructure controlling becomes extremely important to improve the 
reliability of MLCs within very small dielectric layer thickness. 
 
It was suggested that the microstructures and the electrical properties were influenced by 
the change of substitution modes of Mg and rare-earth oxide in perovskite [65]. For 
larger ion (La, Sm)-doped samples, larger amount of MgO is necessary to suppress the 
grain growth and form the core-shell structure than smaller one (Dy, Ho, Er)-doped 
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samples. Also, the solubility of rare-earth ions in BaTiO3 has a linear relationship with 
the ionic radius. It is confirmed that the larger ion acting as donors mainly dissolves Ba 
site, while the smaller ion acting as both donors and acceptors dissolves both Ba- and Ti-
sites. In recent years, MLCs with Ni internal electrodes composed of about 400 dielectric 
layers of below 2µm thickness have been developed [66]. 
 
1.4.5.2  Positive temperature coefficient (PTC) thermistors 
Positive temperature coefficient (PTC) materials prepared from doped semiconducting 
barium titanate ceramics can be used in various kind of electronic circuitry as a switching 
device or as a constant temperature heater [67]. In addition, PTC thermistors applications 
such as the measurement/detection/control of temperature or parameters related to 
temperature are also important. These PTC materials are known to have a high 
temperature coefficient of resistance around the Curie point and the ability of self-
limiting, so they have as well turned out to be a very useful device for sensor 
applications. 
 
The positive temperature coefficient of resistance (PTCR) can be classified as critical 
temperature resistors because of the positive coefficient being associated with the 
ferroelectric Curie point. In fact, PTCR materials can be divided into four groups:  
polymer composites, ceramic composites, V2O3 compounds and BaTiO3-based 
compounds (BaSrTi3O, BaPbTiO3…) [68]. For BaTiO3-based compounds, BaTiO3 is an 
insulator at room temperature. After doping with trivalent donors (e.g. La, Sb, Y) that 
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substitute for the Ba
+2
 or with pentavalent donors (e.g. Sb, Nb, Ta) that substitute for 
Ti
+4
, BaTiO3 becomes semiconductive that shows a PTCR effect as shown in Fig. 1.10. 
 
Fig.1.10:  Typical resistivity behaviour of BaTiO3 - type PTCR material 
 
PTCR applications can be classified in three main groups categorizing in Table 1.3. 
 
Table-1.3 Classification of the PTCR applications 
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1.4.5.3 Summary and conclusions 
 
This section discusses the structure of barium titanate perovskite-based structure and 
some principles of dielectric properties. BaTiO3 materials have been developed for 
dielectric applications for a long time using various substitutional ions for Ba
2+
 and Ti
4+
 
to miniaturize the capacitors with large capacitance. These dielectric properties of barium 
titanate could be affected by many different parameters such as temperature, ambience, 
synthesis process, grain size, etc. Because the crystallographic dimensions of BaTiO3 are 
sensitive to temperature, we can see comprehensive applications of BaTiO3 playing a 
significant role in dielectric materials. 
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MATERIALS AND METHODS 
Ceramic materials are one of the major groups in materials science because of their direct 
and indirect applications in day-to-day life, hence is the importance of new ceramic 
powder synthesis in the advancement of materials sciences. There are several methods of 
preparation such as mechanical methods and chemical methods. Mechanical methods 
include solid state reaction, and ball milling, etc., and chemical methods include sol-gel, 
wet-chemical, semi-oxalate, organic precursor methods, etc. Each and every method has 
its own advantages and disadvantages in terms of purity, homogeneity, reactivity and 
particle size, etc. In this front, the solid state reaction method is found to be easier, 
convenient and cost effective amongst other available methods.  
 
2.1 Preparation methods 
This chapter deals with the methods used for the synthesis of titanate ceramics and solid 
solutions, as well as the instrumental techniques for characterization. Only the brief 
outlines of the methods used for preparation are given here. More details will be 
presented in the respective chapters. The purity, particle size, shape, reactivity and the 
native defect concentration of the starting materials play a major role in the performance 
of the final ceramics. 
 
2.2 Solid state reaction  
In this study the starting materials with high purity were used for the sample preparation. 
The constituents of the required specimen were taken in a stoichiometric ratio and dry 
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mixed followed by ball milling in acetone as medium. The ball-milled powder was again 
mixed with an agate mortar and pestle. The powders were then calcined at certain 
temperature. The XRD of the calcined powders were taken  for phase formation and/or  
identification. After calcinations the powders were again ground and were mixed with 
polyvinyl alcohol (PVA) as binder to reduce the brittleness and to have better 
compactness amongst the granules of the materials. The green pellets of dimensions ~10 
mm in diameter and ~1 mm in thickness were made using unixial isostatic cold press 
with the help of stainless steel dye. The pellets were kept at 350 C for 5 hours to remove 
the binder. Then the pellets are sintered to increase the density and the toughness of the 
sample at a higher temperature with soak time as little as possible. 
 
The various steps involved in the solid state reaction process are presented in the 
following flow-chart (Fig. 2.1 )  
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Fig.2.1: Flow chart of the experimental procedure 
 
Desired stoichiometric 
proportion of high purity 
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Grinding of ball milled powders 
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SEM EDX LCR 
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2.2.1 Preparation of barium calcium titanate ceramics (Ba1-xCaxTiO3 ) 
Ba1-xCaxTiO3 ceramics were prepared from BaCO3, CaCO3 and TiO2. High-purity 
reagents (> 99% ) were used for the preparation of the ceramics. The equimolar wt% of 
the compounds were homogeneously mixed by a planetary ball mill for 3 hours in 
acetone medium in a zirconia vial containing zirconia balls (40 nos.) at a speed of 300 
rpm. The grounded powder was grinded for 2 hours in an agate mortar and then calcined 
initially at a temperature of 1280 °C for 5 h. The calcined powder was milled again to 
prepare the ceramic discs. 
 
2.2.2 Preparation of barium praseodymium titanate ceramics (Ba1-xPrx 
TiO3) 
Ba1-xPrxTiO3 ceramics were prepared from BaCO3, Pr6O11 and TiO2. High-purity 
reagents (> 99% ) were used for the preparation of the ceramics. The equimolar wt% of 
the compounds were homogeneously mixed by a planetary ball mill for 3 hours in 
acetone medium in a zirconia vial containing zirconia balls (40 nos.) at a speed of 300 
rpm. The grounded powder was grinded for 2 hours in an agate mortar and then calcined 
initially at a temperature of 1400 °C for 4 h. The calcined powder was milled again to 
prepare the ceramic discs. 
 
2.2.3 Preparation of barium dysprosium titanate ceramics (Ba1-xDyxTiO3 
) 
Ba1-xDyxTiO3 ceramics were prepared from BaCO3, Dy2O3  and TiO2. High-purity 
reagents (> 99% ) were used for the preparation of the ceramics. The equimolar wt% of 
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the compounds were homogeneously mixed by a planetary ball mill for 3 hours in 
acetone medium in a zirconia vial containing zirconia balls (40 nos.) at a speed of 300 
rpm. The grounded powder was grinded for 2 hours in an agate mortar and then calcined 
initially at a temperature of 1400 °C for 4 h. The calcined powder was milled again to 
prepare the ceramic discs. 
 
2.3 Preparation of ceramic discs 
The phase-pure titanate powder was mixed with 0.4 wt% polyvinyl alcohol (PVA) as the 
binder and dried thoroughly. The granulated powders were cold pressed into disks of 
around 0.7 mm thickness and 10 mm diameter using a hydraulic press at a pressure of 
500 MPa. The green density of these pellets ranged from 87-97% of the theoretical 
density. 
 
2.4 Sintering of the ceramics 
The pressed pellets were sintered in a high-temperature furnace on an alumina slab. The 
heating rate, dwelling time, sintering temperature and the cooling rate were optimized 
because of the strong influence of the sintering conditions on the electrical properties. 
While the sintering temperature has strong influence on the microstructure of the 
resulting ceramics, the cooling rate modifies the electrical properties of the titanate 
ceramics. A constant heating rate of 5 C/min was maintained up to the prefiring stage 
(650 
o
C) where the binder was burnt-off.  
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Subsequently, the heating rate was maintained at 300 
o
C/h until sintering temperatures. 
Depending on the composition, the sintering temperature and duration were varied. 
Typically, the sintering temperature ranged between 1280-1480 
0
C. The sintering 
temperature was varied to yield variable microstructure and to achieve high sinter density 
of the specimens. The density of the samples was determined using Archimedes method. 
Sintered density of >93%  was obtained in most cases. 
 
2.5 Polishing 
The ceramic surface was abraded on a series of metallographic abrasive papers by a 
circular or figure „8‟ motion to obtain highly-polished surfaces which were used for 
electrical measurements. The samples were subsequently cleaned ultrasonically in water 
and acetone. The polished specimens were thermally etched at temperature of about 50 to 
100 
o
C for 10-20 minutes. The specimens were coated with about 200 Å thin Pt layer by 
DC sputtering (Jeol, JFC-1600 auto fine coater) to prevent charging during their 
examination by scanning electron microscopy. 
 
2.6 Ohmic contacts for electrical measurements 
The bulk electrical properties of the ceramics are obtained only when a good Ohmic 
contact having the least contact resistance is used. Commercially available silver paints 
with polymer base are found to yield very high contact resistance. Good Ohmic contacts 
were provided to the sintered disks by coating fired-on-silver paste. The fired-on-silver is 
a glass-bonded composite which contains metal-rich (Ag) composition and the volume 
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fraction of the glass components are 20-30 %. It forms good adherence to the ceramic 
surface. Direct soldering of the electrical contacts is possible on these electrodes. 
 
2.7 Physical methods for characterization 
The various experimental techniques used for the characterization of the ceramic samples  
are as follows; 
 
2.7.1 X-ray powder diffraction studies 
XRD is a very convenient and nondestructive method for phase identification.  From the 
XRD pattern we can say whether the compound is crystalline or amorphous. The results 
also give the information whether the compound is in single phase or multiphase. The 
powder XRD method is used to calculate the lattice parameters for establishing or 
confirming the formation of solid solution. 
 
X-ray diffraction is a powerful analytical technique for investigating the structure of 
materials. Crystalline materials diffract X-rays, and in doing so reveal their structure. 
With the advancement of the technique, all branches of science and technology now 
make use of the technique. The application ranges from fundamental research into the 
structure of matter to quality control of commercial products.  
 
2.7.2 Production of X-rays [1] 
X-rays are produced when high-energy particles interact with matter. In this process, 
electrons are ejected from the core shell around the nucleus and the resulting hole is filled 
Chapter-II                                                                                                       Materials and Methods  
 47 
by another electron, of higher energy, from the outer shells. These electrons give up their 
excess energies in the form of X-ray photons. If the holes are filled by L-shell electrons, 
the emitted photons are referred to as Kα radiations. These transitions have fundamental 
importance to X-ray diffraction is that, they have specific energy levels, and hence 
wavelengths, which are known to a high degree of accuracy. In addition, since many of 
these photons have wavelengths roughly the same size as most atoms, they can be used as 
a “yard-stick” with which to measure the dimensions of materials. It is precisely this 
property that we rely upon in using X-ray diffraction to probe the structure of materials.  
 
Fig. 2.2: Typical arrangement of a diffractometer [1] 
 
X-rays for diffraction are usually generated in an evacuated-and –sealed tube by applying 
a high voltage (30-60 kV) between a cathode and a selected anode e.g. copper. The X-
rays are generated over a rectangular area (10mm x 1mm) by the electron bombardment, 
and are emitted (see Fig.2.2) at an oblique angle (~ 6º) through four windows made of 
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beryllium. If viewed side-on, the beam can be considered as coming from a line focus, 
and end-on as from a point focus. There must be adequate cooling of the tube to extract 
the heat generated, and there must be adequate safety from both X-rays and high voltage 
The X-ray spectrum obtained from such a tube must be pure. There is a background of 
continuous radiation, on which the characteristic peaks from the Kα and Kβ radiations 
superimposed. The Kα is usually 5-8 times more intense than that of Kβ radiation, and is, 
in reality, made up of a doublet – α 1 and α 2. This doublet can be resolved in suitable 
circumstances in a diffraction pattern. 
 
2.7.3 Principle 
In powder X-ray diffraction (XRD) technique, a beam of X-rays incident on a crystalline 
material undergoes scattering by the electrons associated with the atoms. The scattered 
X-rays, in turn, undergo interference due to the periodic arrangement of atoms in the 
crystal and its symmetry. The interference is constructive in certain directions, giving rise 
to a resultant diffracted beam in that direction (see Fig. 2.3) with enhanced X-ray 
intensity. The interference is destructive in other directions. The Bragg‟s equation forms 
the basis of X-ray diffraction, which determines the conditions of constructive 
interference of X-ray, i.e. 
                                                       nd sin2                                                          ….(1) 
 
where d = the inter-planner spacing, = the wavelength of incident X-rays, and  = the 
angle of diffraction. This equation is the basis of most X-ray diffraction analysis, and 
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usually involves fixing one of the parameters and measuring the variation in the second 
parameter as a function of the third. 
 
Fig. 2.3: Diffraction of X-rays 
 
2.7.4 Specimen preparation 
Specimen is representative of the material being investigated. The size of the crystallites 
in the material should be less than ~ 45 µm. This is necessary to increase the probability 
of diffraction taking place, and being collected. Too small size will cause peak 
broadening. There should be no distortion of the lattice planes during preparation. This is 
because deformation will reduce the quality of the diffraction pattern by broadening the 
peaks. The top surface of the specimen must be flat so that it is always a tangent to the 
circumference of the focusing circle. Deviation from the flatness and from the correct 
specimen height can cause broadening of the diffraction profile, displacement of the peak 
and incorrect intensity measurement. 
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2.7.5 Significance of diffraction peaks 
 The diffraction pattern consists of a number of sharp peaks with different intensities and 
various widths. These variations are of fundamental importance in X-ray diffraction and 
are a signature of the d-spacing of the planes giving rise to each reflection, and also the 
intensity and width of each diffraction peak. 
 
The d-spacing is determined by measuring the position of a peak in angular terms and can 
be obtained from the above Eq. (1). The width of a peak can be defined, in angular terms, 
either by the full width at half maximum intensity (FWHM), i.e. 
2
maxI ; or the integral 
breadth, which is the width of a rectangle whose height is equal to Imax and whose area is 
equal to the integrated intensity. Usually, the diffracted intensities are expressed relative 
to the strongest peak in the diffraction pattern in %.  The intensity I of a diffracted beam, 
relative to that of the incident beam, can be expressed by the equation [2] 
 
                                        
2
FI  m  L-P A(θ) e-2M                                                                                ….(2) 
where F is the structure factor, m is multiplicity, L-P is the Lorenz-polarization factor, 
A(  ) is the absorption factor and e
-2M 
is the temperature factor. 
 
2.7.6 Qualitative analysis 
The next stage after getting the X-ray diffraction data is to use this information to identify 
the material(s). Since this identification is on the basis of structure and chemistry, the 
identification of allotropes is possible. The usual method of doing this is to compare the 
results with a reference database, either of one‟s own making, or, more usually, that 
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initiated by the American Society for Testing materials (ASTM) and now run by the Joint 
Committee for Powder Diffraction Standards – International Centre for Diffraction data 
(JCPDS – ICDD).  
 
To use this database one may make use of the Hanawalt search index procedure. This is a 
powerful procedure for identifying materials, particularly with the aid of computes which 
now contain the whole of the JCPDS file on the hard disc and allow a search match 
routine for phase analysis to be carried out very rapidly. Hence the search time is 
drastically reduced. For better use of this approach, one should have some pre-defined 
knowledge of the instruments and the material. 
 
2.7.7 Quantitative analysis 
Once the constituent phases in a mixture have been identified, it may be necessary to 
measure the exact amount of a particular phase. There are three different methods to find 
out the exact amount of a particular phase in a mixture of phases; they are external 
standard method, internal standard method and direct comparison method. Out of these, 
the internal standard method is suitable for studying powders because of its technical 
merit, and, probably the direct comparison method is the most widely used method in the 
metallurgical field. 
 
The other parameters that can be calculated from the diffraction data (pattern) are lattice 
parameters, lattice strain: plastic strain and elastic strain, residual stress, crystallite size, 
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L-P function, N-R function and their different relations. There is long list to find out the 
different parameters, but as per the requirement, we do find the intended parameters only.   
   
2.7.8 Instrumentation 
An X‟Pert-MPD PANalytical X-ray diffractometer (X‟Pert-MPD, PANalytical, The 
Netherlands) with PW 3020 vertical goniometer having Bragg-Brentano parafocusing 
optics and PW3710MPD control unit, has been used for the X-ray diffraction study.  The 
geometry of Bragg-Brentano parafocusing optics was employed for the high-resolution 
X-ray powder diffraction study. In the present system, there is a provision to get both 
line- and point- focus X-ray beam. CuK -radiation from a high-power ceramic X-ray tube 
(operated at 30 kV and 20 mA) is initially collimated through Soller slit  of 0.04 rad, 
fixed divergence slit (0.25 - 4 ) and mask (2 - 20 mm) before getting it diffracted from 
the sample. Then, the diffracted beam from the sample is well collimated by passing it 
through a programmable anti-scattering slit to reduce air scattering, programmable 
receiving slit and Soller slit (parallel plate) of 0.04 rad before getting it reflected by the 
Johann-type curved graphite crystal (002) of radius 225 mm as post monochromator. An 
Xe-gas filled proportional counter (PW3011/10) of energy resolution 19% and maximum 
count rate of 750 kcps (with 2 cps background) is mounted on the arm of the goniometer 
circle at a radius of 200 mm to receive diffracted X-ray signal. Experimental control and 
data acquisition are fully automated through computer. 
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Fig. 2.4: X‟Pert-MPD X-Ray Diffractometer (X‟Pert-MPD, PANalytical, The Netherlands):  
Diffractometer system National Institute of Technology, Rourkela 
 
2.8 Scanning electron microscopy [3] 
The scanning electron microscope (SEM) is the most widely used electron beam 
instrument for the microstructural examination of engineering materials because of its 
ease of operation as an optical microscope and interpretation of the produced images. 
Scanning electron microscope is primarily used to study the surface, or near surface, 
structure of bulk specimens. One of the principal uses of scanning electron microscope is 
to study the surface features or topography or morphology of a sample. Most topographic 
imaging is carried out using the higher-resolution secondary electron signal. However, 
backscattered electrons give us a very versatile approach to topographic imaging, but the 
sampling volume is large and resolution may be limited to about 0.1µm. The signal from 
the specimen is capable of yielding information not only about the surface morphology, 
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but also the composition. For compositional imaging, the solid angle of the detector 
should be as large as possible, and therefore, short working distance and large active 
detector areas are desirable. 
 
2.8.1 Working principle 
The scanning electron microscope (SEM) employs a beam of high energy electrons 
directed at the specimen. These electrons are produced from an electron gun (see Fig. 
2.5) usually of the tungsten-filament, thermionic-emission type, accelerated in a potential 
difference typically of the order of 10-20 kV. Two or three condenser lenses demagnify 
the electron beam to form an electron spot of a size of the order of a few nm. When the 
energetic electrons hit the surface under investigation, secondary electrons (SE) are 
emitted, some incident electrons are being backscattered (BSE), X-rays are emitted (X) 
and a current is measured to the sample (SC and EBIC). A deflection coil system scans 
the focused electron beam in a raster across the surface. In synchronism with this is an 
electron beam of a separate cathode-ray tube (CRT) scanned over the screen, while the 
intensity of the CRT is modulated by one of the signals SE, BSE, X, or SC and EBIC to 
form an image of the surface. 
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Fig.2.5: A schematic representation of the scanning electron microscope 
 
When a high energy electron beam impinges on a thick specimen, then the electrons in 
the beam interact with the material and lose energy and change direction. As Fig. 2.6 
shows, electron X loses all its energy to the specimen, whereas electrons Y and Z escape 
from the surface as backscattered electrons before they have lost all their energy. As 
electron Y has traveled further through the material than electron Z, it will emerge as a 
backscattered electron of lower energy.  The energy lost by the incident electrons excites 
various secondary emissions from the material. Any radiation from the specimen may be 
used to provide the signal to modulate the CRT and thus provide contrast in the image. 
Each signal is the result of some particular interaction between the incident electron and 
the specimen, and may provide us with different information about the specimen. 
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Fig.2.6: Typical paths for high-energy electrons in a solid 
 
2.8.2 Secondary Electrons 
Secondary electrons are outer-shell atomic electrons, ejected after collision with incident 
electrons, and they are generated throughout the passage of the incident electrons. 
Secondary electrons are of low energy and easily absorbed by the material. The 
secondary electrons strike a scintillator, e.g. a phosphor or a YAG crystal, which then 
emits light. The light is transmitted through a light pipe, and into a photomultiplier which 
converts the photons into pulses of electrons, which may then be amplified and used to 
modulate the intensity of the CRT.  Although secondary electrons are generated both by 
the primary electrons entering the specimen and by the escaping backscattered electrons, 
the former are more numerous, and, therefore, the detected secondary electron signal 
originates mainly from a region which is a little larger than the diameter of the incident 
beam. 
Chapter-II                                                                                                       Materials and Methods  
 57 
 
2.8.3 Backscattered electrons 
Backscattered electrons, which are traveling in the appropriate direction, will hit the 
scintillator of the detector, and be counted. If the scintillator bias is switched off, or the 
collector given a small negative voltage, then secondary electrons are excluded from the 
detector, and the backscattered signal is obtained. However, only those electrons 
traveling along the direct line of sight towards the detector will be collected, and thus the 
geometric efficiency will be very low. Though this method of detection is now rarely 
used, most microscopes are fitted with purpose-built backscattered electron detectors. 
 
2.8.4 Parameters of an SEM 
The process of image formation in the scanning electron microscope depends on the 
picture element or pixel. The pixels are the fundamental units of the image, and can be 
considered as squares of diameter with a uniform intensity and no internal structure. The 
spot on the CRT mimics the movement of the electron beam on the specimen, and, 
therefore, for each of the pixels on the CRT there is a corresponding pixel on the 
specimen. 
 
If the electron probe is larger than the specimen pixel, then the signal from adjacent 
pixels is merged, and hence the resolution is degraded. If the electron probe is smaller 
than the specimen pixel, then the signal will be noisy. Thus, it is clear that for optimum 
performance of the instrument, the probe diameter should be equal to the specimen pixel 
diameter. 
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The depth of field, convergence angle and the working distance play an important role in 
focusing the image. Secondary electrons have the smallest sampling volume, with a 
diameter a little larger than the probe diameter. As the probe diameter is reduced, the 
beam current is decreased and, ultimately, the beam current will be insufficient to 
generate a useable signal. So the ultimate resolution of the SEM can be defined as that 
produced by the smallest probe which can provide an adequate signal from the specimen. 
 
2.8.5 Morphology  
Although topographic images may be obtained using most signals, we will only consider 
the use of secondary and backscattered electrons. Images obtained with secondary 
electrons look remarkably like the images of solid objects viewed with light. As we are 
accustomed to this sort of images, we find these topographic images easy to interpret. 
Topographic images may also be obtained using backscattered electrons. As only line of 
sight backscattered electrons are detected, the number of electrons detected is a function 
of both the specimen and detector geometries. These images have a close analogy with 
viewing a specimen by eye. The images obtained in this case have more shadows and 
highlights, i.e. they appear harsher compared to secondary electron image. 
 
Although backscattered electrons give us a very versatile approach to topographic 
imaging, we must remember that the sampling volume for the backscattered electrons is 
large and resolution is small. Consequently, most topographic imaging s carried out using 
the higher-resolution secondary electron signal. 
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2.8.6 Compositional imaging 
The specimen signal is capable of yielding information about the composition along with 
the topography. Specimen for compositional imaging should be flat, un-etched and 
polished. For compositional imaging, the solid angle of the detector should be as large as 
possible, and therefore short working distance and large active detector areas are 
desirable. Although we may be able to detect two phases in a specimen, but it is not that 
easy with very good spatial resolution, as the ultimate resolution of the instrument is 
dependent on the contrast. For phases with similar atomic numbers the resolution may be 
very poor. 
 
With the advent of improved backscattered electron detectors over the past few years, use 
of this imaging mode in the SEM has increased greatly, particularly in conjunction with 
X-ray analysis. A standard polished metallographic specimen is prepared, and the areas 
of compositional interest, are easily identified by backscattered imaging. The chemistry 
of the phases is then determined by spot analysis of each of the phases using energy 
dispersive X-ray analysis. It is also possible to obtain quantitative compositional 
information by measuring the intensity of the backscattered signal from the phase of 
interest.  
 
This technique is potentially valuable on account of its high spatial resolution, compared 
to X-ray analytical techniques, and for its ability to analyze phases of low atomic number 
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which are not easily determined using X-rays, great care must be taken to exclude other 
forms of contrast ( topographic, crystallographic effects), to obtain r. 
 
 
Fig. 2.7 Scanning Electron Microscope 6480 LV (a) SEM system and (b)EDX (OXFORD) system, 
National Institute of Technology, Rourkela, India 
 
(a) 
(b) 
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2.9 Dielectric measurement 
When the dielectric is placed in alternating fields, different types of polarisations are set 
up and give rise to the dielectric constant. A temporal phase shift is found to occur 
between the driving field and the resulting polarisation and a loss current component 
appears giving rise to the dielectric loss of the sample. The dielectric measurement 
method involves placing the dielectric (usually taken in the form of a disc) between two 
perfectly conducting plates. For dielectric measurement, thin silver paints were painted 
on to opposite faces of the ceramic disc using a fine brush. For organic removal, the 
electroded discs were kept on an alumina plate and fried at 4700 
o
C, 10-15 minutes. 
Dielectric measurements were carried out over the range 1 KHz to 1 MHz using HP-
4284A Precision LCR meter. The temperature dependency of dielectric measurement was 
carried out with a self-fabricated temperature controlled oven with a heating rate of 0.5°C 
min
 -1
. The dielectric data was collected at an interval of 5 
0
C while heating at a rate of 
0.5 
o
C per min. The detailed theory of dielectric is explained in Chapter-VI, along with 
the explanation of the dielectric studies of different samples.  
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Fig.2.8(a) The Hewlett Packard (hp) 4284A-Precision LCR meter at IOPb, (b) Experimental set-up for 
dielectric measurement with (c) self fabricated oven in-set 
 
 
 (c) 
(b) 
(a) 
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X-RAYS POWDER DIFFRACTION STUDIES 
 
3.1 Experimentation 
The fine smooth ceramic powder samples were mounted on a holder and leveled properly 
flat to get good result of the X-ray diffraction. The X-ray diffraction patterns were 
recorded with a step size of 0.02  on a 10/20 -80/90  range with a scanning rate of 0. 
6 /sec with a scan speed of 0.33. A line focus and collimated CuK -radiation from an X-
ray tube operated at 30 kV and 20 mA was passed through fixed divergence slit of 0.5  
and mask (10 mm) before getting it diffracted from the fibre sample. Then the diffracted 
beam from the sample was well collimated by passing it through a programmable anti-
scattering slit of 0.5 , receiving slit of 0.15 mm and Soller slit before getting it reflected 
by the graphite monochromator. Experimental data such as d spacing, area of the 
diffraction peak and intensity were calculated using X’Pert Graphics & Identify software 
[1].  
3.1.1 Theory 
The diffracted intensity can be expressed as either the maximum counts, Imax, or, more 
accurately, the integrated intensity. In either case, they are usually expressed relative to 
the strongest peak in the diffraction pattern. The intensity I of a diffracted beam, relative 
to that of incident beam, can be expressed by the equation [2] 
                                               MePAmLFI 2
2
)(                                                ….(1) 
where F is the structure factor, m is multiplicity, L-P is the Lorenz-polarization factor, 
A(  ) is the absorption factor and e
-2M 
is the temperature factor. 
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Addition of impurity atoms to the parent materials causes the peak shifting due to 
stacking fault and which can be verified by differentiating the Bragg law. The spacing 
dhkl, of a set of planes in a crystal is related to the Bragg angle θhkl and the wavelength λ 
by the equation, 
                                                
hkl
hkld
sin2
                                                            ....(2) 
The expression for change in dhkl due to stacking faults can be measured by noting the 
change in hkl. It is found that the dhkl value of (110) plane decreases with increasing the 
impurity concentration. Differentiating dhkl with respect to hkl, where diffraction angle is 
measured in terms of 2 , then 
                            hkl
hkl
hkl
d
d
tan2)2(                          ….(3) 
where d is the change in d-spacing with respect to virgin (parent) sample. The quantity 
d / dhkl is the strain due to the substitution of the Ca ion in place of Ba ion. The 
percentage stain (% ) calculated for the (110) plane is given in the Table 1.  
Again, crystallite size (Dhkl) of the identified crystalline phase is calculated using 
corrected form of Scherrer formula as [3] 
                                        
cosβ
K
Dhkl                                                                ….(4)            
where β (= B - b) is the FWHM (full width at half maximum); B is the line width; b is the 
instrumental broadening; K is the shape factor (= 0.9);  is the Bragg angle and  is the 
wavelength of Cu K 1(1.54056 Å). The factor 57.3 is used to convert the value of β  
from degree to radians to obtain Dhkl in angstrom unit (Å). However, the instrumental 
broadening [4] can be calculated as 
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G
R
R
W
arcb tan
2
2
tan
2
                ….(5) 
where is the resolution of diffractometer (2.5 10
-3
),  is the Bragg (or glancing) 
angle, 
RW  is the receiving slit width (1 mm) and GR is the radius of goniometer (200 mm).  
The sample crystallinity can be defined as  
                         100%
total
cryst
A
A
C                                                        ….(6) 
where Acryst is the sum of the areas of the crystalline peaks and Atotal is the total area of the 
diffraction pattern. The decrease in crystallinity may be due to the loss of densification 
because of replacement of less heavier element like Ca in place of Ba.  
 
 
Particle size and lattice strain have different dependences on Bragg angle, so it is 
necessary it isolate their individual contributions. The contribution of plastic strain (e) to 
line broadening varies as tan4e , while that of particle size (t) varies as 
cost
. The 
total contribution to line broadening (  ) therefore becomes 
                                      
cos
tan4
t
e                                                              ….(7) 
Lorenz-polarization (L-P) factor is made up of two parameters, Lorenz and polarization, 
which are grouped together for convenience and is expressed by 
                                       
cossin
2cos1
2
2
                                                                          .… (8) 
Both are purely geometric in nature, and dependent on the diffraction angle. Their overall 
effect is to decrease the intensity of reflections at low and high Bragg angles. 
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Nelson-Riley (N-R) function as a function of  given by 
 
                                             
22 cos
sin
cos
                                                              ….(9) 
is used to find the lattice parameters by extrapolation method. This is the most accurate 
compared to other methods. 
 
3.2 Results and discussion 
3.2.1 Results and discussion of Ba1-xCaxTiO3 ceramics [5] 
The structures of Ba1-xCaxTiO3 ceramics were determined by X-ray diffraction technique. 
The XRD patterns of Ba1-xCaxTiO3 ceramics of concentration (x) = 0, 0.05, 0.1, 0.15, 0.2, 
0.25, 0.3, 0.4 and 0.5 are shown in Fig. 3.1. In this figure and figure 3.2 the intensities are 
given in arbitrary units (AU).  It is well known that Ba1-xCaxTiO3 ceramics are tetragonal. 
The crystal structure of above ceramics is tetragonal symmetry in the space group p4mm 
with a = b = 3.990Aº and c = 4.03Aº. The purpose of this work is to determine the effect 
of Ca substitution in barium titanate. The X-ray powder diffraction data on the effect of 
doping concentrations are given in the Table 1. It is observed in Fig.1 that the addition of 
impurity atoms to the parent materials causes the peak shifting towards higher angle and 
indicate development of strain in the materials, and peak broadening due to creation of 
stacking fault. The shifting of the peak position can be clearly visualized from the 
normalized diffractogram of the (110) direction, shown in Fig.3.2.  In the XRD profile, 
the 100% relative intensity (Imax) peaks play an important role in understanding the 
structure of the materials. Fig. 1 shows the evolution of new peak i.e. phase at x=0.3 at 
around 33 deg (2θ) which becomes stronger  with increasing doping concentration. Also 
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few more additional peaks are seen in higher doping concentration. So, the material is in 
single phase till x=0.25, and at x=0.3 the material becomes biphasic (tetragonal + 
orthorhombic). Some peaks which were clearly visible( 2θ = 51.71) at x=0.0 becomes 
weaker and vanishes at x=0.5.  
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Fig. 3.1  X-ray diffractogram of  Ba1-xCaxTiO3 ceramics 
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Fig. 3.2 X-ray  normalized diffractogram of  Ba1-xCaxTiO3 ceramics 
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In fig.3.3 variation of crystallite size as a result of Ca substitution is clearly seen. At 
x=0.05 the crystallite size increases and then decreases gradually up to x=0.3 where it is 
minimum to 30.92nm, and then suddenly become maximum at x=0.4 (44.73nm) and 
again at x=0.5 it decreases. The crystallite size decreases with increasing doping 
concentration from x=0.05 to x=0.3. The lattice strain in Fig. 3.4 gradually increases 
from x = 0.0 to x = 0.1 and become minimum at x= 0.15, and then suddenly increases up 
to x=0.25 where it is maximum. Again at x=0.3, the lattice strain decreases and thereafter 
increases slowly. Thus, we may say, it maintain a sequence up to x=0.25. and then the 
sequence changes. Plastic strain is more or less the same as seen in Fig.3.5 and Table-1. 
however, it decreases exponentially from x=0.0 to x=0.25 (0.8735) where it is minimum, 
and then suddenly increases at x=0.3 and thereafter decreases slowly. It is seen that, it 
follow a trend of exponential decrease up to certain limit and thereafter get deviated. Fig. 
3.6 shows the % crystalline variation of Ba1-xCaxTiO3 ceramics. It is seen that at x=0.05, 
the material is less crystalline compared to the virgin material. Then the % crystallinity 
slowly increases up to x=0.15 and thereafter decreases exponentially till x=0.3 and 
minimum at x=0.5. 
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Fig. 3.3  Composition vs. Crystallite Size of  Ba1-xCaxTiO3 ceramics 
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Fig. 3.4 Composition vs. Lattice Strain of  Ba1-xCaxTiO3 ceramics 
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Fig. 3.5 Composition vs. Plastic Strain of Ba1-xCaxTiO3 ceramics 
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Fig.3.6 Composition vs. % Crystallinity of  Ba1-xCaxTiO3 ceramics 
Chapter-III                                                                                     X-ray Powder Diffraction Studies 
 73 
 
Fig. 3.7 shows the effect of line broadening as a result of Calcium doping and is almost 
same from x=0.05 to x=0.25, but, at x=0.3 it becomes more and minimum again at x=0.4 
(0.10035nm) and further at x=0.5 increases. Thus we may say the stable region is x=0.05 
to x=0.25. Here also it is seen that, it maintain certain trend till x=0.25. Fig. 3.8 shows the 
behavior of L-P geometric factor dependent on Bragg diffraction angle. It shows almost 
linear behavior and exponential decrease till x=0.25, though there is a very slight 
decrease from x=0.0 to x=0.5. Till x=0.25 the L-P factor decreases gradually (Table-1), 
then again there is a slight increase in value at x=0.3 and then again decreases. Fig. 3.9 
shows the variation of N-R factor due to the doping of Calcium on barium titanate. The 
N-R factor decreases exponentially almost exponentially till x=0.25, then increases at 
x=0.3 and further decreases slowly. Its nature is almost same as that of the plastic strain. 
Here also the N-R factor follows a trend till x=0.25 and thereafter it deviates from that 
particular sequence. This deviation may be due to some Ca
2+
 replacing Ti
4+ 
instead of 
Ba
2+ 
in this ceramic [6]. Since the ion radius for Ca
2+
 is much larger than that of Ti
4+
, 
Ca
2+
 replacing Ti
4+    
in the octahedral sites of the perovskite structure will cause a 
localized expansion of the unit cell, and result in a lattice distortion. 
 
Porosity, which can be considered as a secondary phase, indicates the degree of 
densification of a ceramic. Porosity decreases strength, because pores reduce the true 
cross section area of a member and also pores act as stress-concentrating notches. In this 
study, we found that the porosity of all the specimens is less than 8% (approx.), which 
means that the pores are discrete and match with the porosity thumb rule [7]. 
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Fig. 3.7 Composition vs. Line Broadening of  Ba1-xCaxTiO3 ceramics 
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Fig. 3.8 Composition vs. L-P Factor of  Ba1-xCaxTiO3 ceramics 
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Fig. 3.9 Composition vs. N-R Function of  Ba1-xCaxTiO3 ceramics 
 
Table- 3.1: X-ray powder diffraction data of Ba1-xCaxTiO3 ceramics 
Sample Conc. 
x 
2θ in 
degree 
 dhkl (nm) I cts 
(AU)  
FWHM 
(nm) 
Dhkl  
(nm) 
%C 
 
ε e 
 (nm) 
L-P 
factor 
N-R 
FN 
I  x=0 31.6266 0.28267 998.36 0.02427 34.021 99.36 0 0.8828 0.10047 24.1430 3.4561 
II x=0.05 31.6575 0.28241 981.84 0.02169 38.072 92.95 -0.0009 0.8818 0.10042 24.0854 3.4514 
III x=0.1 31.7250 0.28182 1163.62 0.02191 37.698 95.08 -0.003 0.8797 0.10043 23.9884 3.4438 
IV x=0.2 31.8902 0.28040 1193.57 0.02320 35.616 97.34 -0.0080 0.8750 0.10044 23.7186 3.4234 
V x=0.25 31.9390 0.27998 910.75 0.02176 34.12 94.38 -0.010 0.8735 0.10042 23.6411 3.4177 
VI x=0.3 31.8864 0.28043 1086.47 0.02672 30.924 92.62 -0.0079 0.8750 0.10051 23.7200 3.4234 
VII x=0.4 31.9045 0.28028 913.72 0.01847 44.737 93.19 -0.0085 0.8747 0.10035 23.6986 3.4222 
VIII x=0.5 31.9146 0.28019 771.64 0.02040 40.505 89.76 -0.0088 0.8744 0.10039 23.6786 3.4209 
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3.2.1.1 Conclusion 
Single-phase BCT ferroelectric compounds were prepared by solid state reaction method. 
The BCT ceramics exhibit a pure tetragonal phase for x from 0.00 up to 0.25, tetragonal 
and orthorhombic phases coexisted for x = 0.3–0.5. A detailed study of X-ray diffraction 
parameters shows, the material compounds follow a particular trend, either increasing or 
decreasing up to x=0.25, and thereafter the trend is not followed, it breaks. Also the 
material is in a single phase up to x=0.25, and after that it is in the dual phase confirmed 
by the evolution of new peaks. This study shows a relation of various X-ray parameters 
of Ba1-xCaxTiO3 ceramics. This gives a better understanding of the material. We may say, 
the deviation of various parameter at x=0.3 may be due to the co-existence of different 
phases. Whereas, x 0.25, it is in a single phase and follow a singular trend. 
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3.2.2 Results and discussion of Ba1-xPrxTiO3 ceramics [8] 
The structures of Ba1-xPrxTiO3 ceramics were determined by X-ray diffraction technique. 
The XRD patterns of Ba1-xPrxTiO3 ceramics of concentration (x) = 0, 0.001, 0.002, 0.003, 
and 0.004 are shown in Fig. 3.10. In this figure and figure 3.11 the intensities are given in 
arbitrary units (AU).  It is well known that BaTiO3 ceramics are tetragonal. The crystal 
structure of the ceramics is tetragonal symmetry in the space group p4mm with a = b = 
3.990Aº and c = 4.03Aº. The purpose of this work is to determine the effect of Pr 
substitution in barium titanate. The X-ray powder diffraction data on the effect of doping 
concentrations are given in the Table 2. It is observed in Fig. 3.10 that the addition of 
impurity atoms to the parent materials causes the peak shifting towards lower angle upto 
x=0.003 and at x=0.004 the peak shifts towards the higher angles and indicate 
development of strain in the materials, and peak broadening due to creation of stacking 
fault. The shifting of the peak position can be clearly visualized from the normalized 
diffractogram of the 100% RI  peak, shown in Fig. 3.11.  In the XRD profile, the 100% 
relative intensity (Imax) peaks play an important role in understanding the structure of the 
materials. Fig. 3.10 shows that, the undoped and the Pr modified BaTiO3 ceramics are in 
a single phase. There is no evidence of  any secondary phases in the modified BT 
ceramics.  
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Fig. 3.10 X-ray Diffractogram of Ba1-xPrxTiO3 Ceramics 
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Fig.3.11  Normalised X-ray Diffractogram of Ba1-xPrxTiO3 Ceramics 
 
 
In fig. 3.12 variation of crystallite size as a result of Pr substitution is clearly seen. The 
crystallite size decreases abruptly with Pr addition and almost remains the same with a 
slight variation of 1.43 nm on the higher side with x=0.003 and for all other cases it 21.50 
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nm. So we may say the crystallite size decreases with addition of Pr and almost remains 
constant. The lattice strain in Fig. 3.13  gradually increases from x = 0.0 to x = 0.003 and 
then suddenly falls to minimum at x =0.004, which coincides with the value of  x=0.001. 
Thus we may say, when the 100% RI peak starts shifting towards the higher angle the 
lattice strain begins to fall. Plastic strain is more or less follow the same pattern as that of 
lattice strain as seen in Fig. 3.14 and Table-2. It is seen that, the plastic strain (e) 
increases almost linearly with Pr addition upto X=0.003 and reaches its maximum and 
thereafter starts to fall to a minimum value of  0.8846 same as that of X=0.001. So, in 
case of strain, both in lattice and plastic, increases gradually with addition of Pr and at 
X=0.003 it get saturated and with further increase in addition of Pr begins to fall and 
repeat the path with further addition of Pr.  Fig. 3.15 shows the % crystalline variation of 
Ba1-xPrxTiO3 ceramics. It is seen that with addition of Pr the modified BT materials 
decrease its % crystallinity exponentially and minimum at x=0.004 with 93.63 %. It does 
not mean that, it get amorphised, but its crystallinity decreases a little. 
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Fig. 3.12 crystallite size vs. Composition of Ba1-xPrxTiO3 Ceramics 
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Fig. 3.13  Lattice strain vs. Composition of Ba1-xPrxTiO3 Ceramics 
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Fig. 3.14.  Plastic Strain vs. Composition of Ba1-xPrxTiO3 Ceramics 
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Fig. 3.15.  %C vs. Composition of Ba1-xPrxTiO3 Ceramics 
 
 
Fig. 3.16 shows the effect of line broadening as a result of Pr doping and is same up to 
x=0.002 and then decreases slightly at X=0.003 from 0.1075 to 0.1070 and again 
increases up to 0.1075 at x=0.004, where it is maximum. Thus we may say the line 
broadening is almost stable with a variation of 0.0005 in Pr modified baTiO3 ceramics. 
Here also it is seen that, it maintain certain trend till x=0.003 and the trend changes with 
higher substitution. Fig. 3.17 shows the behavior of L-P geometric factor dependent on 
Bragg diffraction angle. It shows almost linear increase till x=0.003, and attains its 
maximum get saturated and then begins to fall (Table-2).  The geometric parameters (L-P 
Factor) maintain the same trend as that of strain, as shown in Fig. 3.14.  Fig. 3.18 shows 
the variation of N-R function due to the doping of Pr on barium titanate. The N-R factor 
behaves in the same way as the lattice strain as seen from figure. The N-R function 
increases gradually attains its maximum at x=0.003 and then begins to fall. In all the 
above cases it is seen that, the Pr modified ceramic materials maintains some trend till 
x=0.003 and then it deviates from its sequence and behave oppositely. This deviation 
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may be due to some Pr
3+
 replacing Ti
4+ 
instead of Ba
2+ 
in this ceramic [5]. Since the ion 
radius for Pr
3+
 is much larger than that of Ti
4+
.  Pr
3+
 replacing Ti
4+    
in the octahedral sites 
of the perovskite structure will cause a localized expansion of the unit cell, and result in a 
lattice distortion. 
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Fig. 3.16  Line Broadening vs. Composition of Ba1-xPrxTiO3 Ceramics 
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Fig. 3.17.  L-P factor vs. Composition of Ba1-xPrxTiO3 Ceramics 
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Fig.3.18 N-R Function vs. Composition of Ba1-xPrxTiO3 Ceramics 
 
 
 
Table - 3.2. X-ray powder diffraction data of  Ba1-xPrxTiO3 ceramics 
 
Sample Conc. 
x 
2θ in 
degree 
 dhkl 
(nm) 
I cts 
(AU)  
FWHM 
(nm) 
Dhkl  
(nm) 
%C 
 
ε e 
 
(nm) 
L-P 
factor 
N-R 
FN 
I  x=0 31.6266 0.28267 998.36 0.02427 34.021 99.36 0 0.8828 0.10047 24.1430 3.4561 
II x=0.001 31.5606 0.28325 1212.51 0.03840 21.50 96.91 0.0021 0.8846 0.10745 24.2767 3.4644 
III x=0.002 31.5121 0.28368 953.25 0.03840 21.50 95.59 0.0035 0.8862 0.10745 24.3548 3.4703 
IV x=0.003 31.4715 0.28403 625.13 0.03600 22.93 94.69 0.0048 0.8872 0.10699 24.3644 3.4748 
V x=0.004 31.5585 0.28327 1260.50 0.03840 21.50 93.63 0.0021 0.8846 0.10745 24.2767 3.4644 
 
3.2.2.1 Conclusion: 
In all the above cases it is seen that, the Pr modified ceramic materials maintains some 
trend till x=0.003 and then it deviates from its sequence and behave oppositely. This 
deviation may be due to some Pr
3+
 replacing Ti
4+  
instead of Ba
2+  
in this ceramic. Since 
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the ion radius for Pr
3+
 is much larger than that of Ti
4+
.  Pr
3+
 replacing Ti
4+    
in the 
octahedral sites of the perovskite structure will cause a localized expansion of the unit 
cell, and result in a lattice distortion. . It is seen that with addition of Pr the modified BT 
materials decrease its % crystallinity exponentially and minimum at x=0.004 with 93.63 
%. It does not mean that, it get amorphised. structural analysis of Praseodymium 
modified BaTiO3 is analysed. The variation of different structural parameters w.r.t. 
different composition is shown. The 100% RI peak has a key role in understanding the 
structure of the material. 
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3.2.3 Results and discussion of Ba1-x DyxTiO3 ceramics [9] 
The structures of Ba1-xDyxTiO3 ceramics were determined by X-ray diffraction technique. 
The XRD patterns of Ba1-xDyxTiO3 ceramics of concentration (x) = 0, 0.01, 0.025, 0.05, 
and 0.075 are shown in Fig. 3.19. In this figure and figure 3.20 the intensities are given in 
arbitrary units (AU).  It is well known that BaTiO3 ceramics are tetragonal. The crystal 
structure of the ceramics is tetragonal symmetry in the space group p4mm with a = b = 
3.990Aº and c = 4.03Aº. The purpose of this work is to determine the effect of Dy 
substitution in barium titanate. The X-ray powder diffraction data on the effect of doping 
concentrations are given in the Table 3. It is observed in Fig. 3.19 that the addition of 
impurity atoms to the parent materials causes the peak shifting towards lower angle upto 
x=0.05 and at x=0.004 the peak shifts towards the higher angles compared to x=0.05 and 
indicate development of strain in the materials, and peak broadening due to creation of 
stacking fault. The shifting of the peak position can be clearly visualized from the 
normalized diffractogram of the 100% RI  peak, shown in Fig. 3.20.  In the XRD profile, 
the 100% relative intensity (Imax) peaks play an important role in understanding the 
structure of the materials. Fig. 3.19 shows that, the undoped and the Dy modified BaTiO3 
ceramics are in a single phase. There is no evidence of  any secondary phases in the 
modified BT ceramics.  
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Fig. 3.19. X-ray Diffractogram of Ba1-xDyxTiO3 Ceramics 
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Fig. 3. 20  Normalised Diffractogram of 100% RI Peak of Ba1-xDyxTiO3 Ceramics 
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In fig. 3.21 variation of crystallite size as a result of Dy substitution is clearly seen. The 
crystallite size decreases abruptly with Dy addition for x=0.01 and then increase for 
x=0.025 and further decreases for x=0.05 and minimum to a value of 19.11 nm. Then 
further increases for x=0.075 with a maximum size of 22.93 nm. Though there is a 
variation of the crystallite size in Dysprosium modified BT ceramics, they almost remain 
the same with a variation in the range of 3.82 nm. So we may say the crystallite size 
follow a weavy nature with addition of Dy and vary between 19.11 nm to 22.93 nm. The 
lattice strain in Fig. 3.22  gradually increases from x = 0.0 to x = 0.05 and then suddenly 
falls to minimum at x =0.075, with a value of  0.0014, after attaining a maximum value of 
0.0053 at x= 0.05 (Table-3).  Thus we may say, when the 100% RI peak starts shifting 
towards the higher angle the lattice strain begins to fall. Plastic strain is more or less 
follow the same pattern as that of lattice strain as seen in Fig. 3.23 and Table-3. It is seen 
that, the plastic strain (e) increases almost linearly with Dy addition upto X=0.05 and 
reaches its maximum and thereafter starts to fall to a minimum value of 0.8840. So, in 
case of strain, both in lattice and plastic, increases gradually with addition of Dy and at 
X=0.05 it get saturated and with further increase in addition of Dy begins to fall and may 
repeat the path with further addition of Dy.   Fig. 3.24 shows the % crystalline variation 
of Ba1-xDyxTiO3 ceramics. It is seen that with addition of Dy, the modified BT materials 
decrease its % crystallinity gradually though not linearly and minimum at x=0.05 with 
92.68 %. Beyond this it increases further. It does not mean that, it get amorphised, but its 
crystallinity decreases a little. 
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Fig. 3. 21. Crystallite size vs. Composition of Ba1-xDyxTiO3 Ceramics 
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Fig. 3.22.  Lattice strain vs. Composition of Ba1-xDyxTiO3 Ceramics 
Chapter-III                                                                                     X-ray Powder Diffraction Studies 
 89 
-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0.882
0.883
0.884
0.885
0.886
0.887
0.888
P
la
s
ti
c
 s
tr
a
in
 (
e
)
Composition
 
 
 
Fig. 3.23 Plastic Strain vs. Composition of Ba1-xDyxTiO3 Ceramics 
 
-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
92
93
94
95
96
97
98
99
100
%
 C
Composition
 
 
 
Fig. 3.24.  % C vs. Composition of Ba1-xDyxTiO3 Ceramics 
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Fig. 3.25 shows the effect of line broadening as a result of Dy doping. Line broadening 
increases with addition of Dy though not linearly. Initially it increases, then decreases 
and further increases and decreases again. i.e. here also the line broadening parameter 
follow a weavy nature like crystallite size but in reverse manner. This is minimum at 
X=0.025 and 0.075 with a value of 0.1070 and maximum at x=0.05 with a value of 
0.1084.  Thus we may say the line broadening is almost stable with a variation of 0.0014 
in Dy modified BaTiO3 ceramics. Fig. 3.26 shows the behavior of L-P geometric factor 
dependent on Bragg diffraction angle. It shows almost linear increase till x=0.025, and 
attains its maximum get saturated at x=0.05 and then begins to fall (Table-3).  The 
geometric parameters (L-P Factor) maintain the same trend as that of strain, as shown in 
Fig. 3.22.  Fig. 3.27 shows the variation of N-R function due to the doping of Dy on 
barium titanate. The N-R factor behaves in the same way as the lattice strain as seen from 
figure. The N-R function increases gradually attains its maximum at x=0.05 and then 
begins to fall. In all the above cases it is seen that, the Dy modified ceramic materials 
maintains some trend till x=0.05 and then it deviates from its sequence and behave 
oppositely. This deviation may be due to some Dy
3+
 replacing Ti
4+  
instead of Ba
2+  
in this 
ceramic[5]. Since the ion radius for Dy
3+
 is much larger than that of Ti
4+
.  Dy
3+
 replacing 
Ti
4+    
in the octahedral sites of the perovskite structure will cause a localized expansion of 
the unit cell, and result in a lattice distortion. 
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Fig.3.25. Line Broadening vs. Composition of Ba1-xDyxTiO3 Ceramics  
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Fig. 3.26.  L-P Factor vs. Composition of Ba1-xDyxTiO3 Ceramics 
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Fig. 3.27 N-R Function vs. Composition of Ba1-xDyxTiO3 Ceramics 
 
Table-3.3.  X-ray powder diffraction data of Ba1-x DyxTiO3 ceramics 
 
Sample Conc. 
x 
2θ in 
degree 
 dhkl 
(nm) 
I cts 
(AU)  
FWHM 
(nm) 
Dhkl  
(nm) 
%C 
 
ε e 
 
(nm) 
L-P 
factor 
N-R 
FN 
I  x=0 31.6266 0.28267 998.36 0.02427 34.021 99.36 0 0.8828 0.10047 24.1430 3.4561 
II x=0.01 31.5919 0.28298 500.92 0.03840 21.50 95.64 0.0011 0.8837 0.10744 24.2014 3.4599 
III x=0.025 31.4895 0.28384 517.21 0.03600 22.92 95.09 0.0042 0.8868 0.10698 24.3596 3.4745 
IV x=0.05 31.4546 0.28418 391.61 0.04320 19.11 92.68 0.0053 0.8878 0.10837 24.4382 3.4768 
V x=0.075 31.5824 0.28306 1260.50 0.03600 22.93 94.12 0.0014 0.8840 0.10698 24.2038 3.4618 
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3.2.3.1 Conclusion 
In all the above cases it is seen that, the Dy modified ceramic materials do not maintain 
any sequence. But in most of the cases, the different parameters remain swinging within a 
little range. Or, in other words, we may say the parameters are almost same within the 
studied range. This deviation may be due to some Dy3+ replacing Ti
4+
 instead of Ba
2+
 in 
this ceramic. Since the ion radius for Pr3+ is much larger than that of Ti
4+
.  Dy
3+
 
replacing Ti
4+
 in the octahedral sites of the perovskite structure will cause a localized 
expansion of the unit cell, and result in a lattice distortion.  
 
 It is seen that with addition of Dy the modified BT materials decrease its % crystallinity 
exponentially and minimum at x=0.05 with 92.68 %,  and again the crystallinity increases 
for x=0.075. Structural analysis of Dysprosium modified BaTiO3 is analysed. The 
variation of different structural parameters w.r.t. different composition is shown. The 
100% RI peak has a key role in understanding the structure of the material. 
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3.3 FSDP related XRD studies 
3.3.1 Void species determination of Ba1-xCaxTiO3 ceramics [10] 
The FSDP parameter such as the interlayer separation, quasi periodic in nature with an 
effective periodicity ( R ) and correlation length (L), over which such periodicity is 
maintained, of atomic density fluctuations, regardless of the precise atomic origin of such 
fluctuations were calculated using the general expressions [11 ], 
 
                                                       
S
R
2
                                                               …. (10) 
where S is the magnitude of the scattering vector and is given by 
  
                                                      
sin4
S                                                         ….(11) 
Corresponds to the position of the FSDP, and  
                                                      
2
L                                                                 …. (12) 
Where  is the full width at half maximum (FWHM) of the FSDP. 
The refined XRD data and the calculated FSDP parameters are demonstrated in Table-4. 
 
One can see that, the FSDP for various calcium modified BaTiO3 ceramics is around  
03618.222  ,  
04053.222 ,  
04532.222 , 
05182.222 , 
05261.222 , 
05039.222 , 
05288.222  and 
05038.222  corresponding to the scattering 
vector 3.1052, 3.1109, 3.1166, 3.1256, 3.1247, 3.1231, 3.1264 and 3.1231 respectively. 
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The magnitude of the FWHM of the FSDP of samples I, II, III, Iv, V, VI, VII, and VIII 
are 0.2400, 0.1920, 0.1920, 0.2640, 0.3120, 0.2400, 0.2400 and 0.2400 respectively.  
 
The interlayer separation with an effective periodicity (R), (the atom-void distance [12]) 
and the correlation length (L) are calculated using eqs. (1), (2) and (3) and found to be 
2.2043 and 26.1908 A  for the sample-I. For all other samples including sample-I, these 
values are presented in Table-1. This means that, periodicity of R 2.2043 A  in sample-
I, is necessary to give the FSDP at the observed value of scattering vector (S) 3.1052 
A  and the real space quasi periodicity takes place along the correlation length of (L)  
26.1908 A . 
 
In case of sample- II, the FSDP is found around 
04053.222  with scattering vector 
3.1109 A . the magnitude of FWHM of the FSDP is equal to 0.1920. the repetitive 
distance (R) and the structural correlation length (L) obtained to be equal to 2.0206 and 
32.7385. 
 
Analytically the FSDP position S and nano-void diameter D can be represented as [13-
14] 
 
                                                           
D
S
3.2
                                                         ….(13) 
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Where D is the nano-void diameter and found to be equal to, 2.3279, 2.3237, 2.3194, 
2.3127, 2.3134, 2. 3146, 2.3121 and 2.3146 respectively. 
According Elliott’s Void model which describes the FSDP [12], 
 
                                                                
d
S
2
3
 
 
Or,                                                          
S
d
2
3
                                                        ….(14)                                                                                                                 
 
where d is the nearest-neighbour cation–cation distance or cation–void distance.  
 
 
The interatomic correlation, a characteristic distance of second or third neighbour inter 
atomic distributions is given by the well known formula [15] 
 
                                                                 23.1sin2r   
 
Or,                                                           
sin2
23.1
r                                                  …. (15) 
Where r is the first co-ordination sphere radius,  is the scattering angle, is the X-ray 
diffraction wavelength and the co-efficient 1.23 is known as the Ehrenfest’s number. 
 
The above Eq. (15) can be represented as 
                                                                 
r
S
46.2
                                              ….   (16) 
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Thus the Ehrenfest number is dependent on the value of S and r. So, a change in the value 
of S and r result in a different Ehrenfest’s number [16]. Thus the most generalized 
Ehrenfest’s formula is given by 
                                                                  
2
Sr
E                                                   ….  (17) 
Where E is the modified Ehrenfest’s number after Rachek [16]. 
 
It is found that, the interatomic distance (r) is very close to nano-void diameter (D). this 
implies that, the internal structural nanovoids [15] may be responsible for low S structure 
(LSS) in XRD data. LSS could be the result of sharp peak in pair distribution function 
G(r) at 
r
46.2
 and a damped sinusoidal oscillations in G(r) with a 
S
2
 period. The 
correlation observed between the above formulas connecting the FSDP position S, with 
the structural details is explained. Its common feature could be originated from the atom-
atom and/or void-void distributions on the scale of extended range order within void 
based approach for the FSDP. 
 
Fig. 3.28 shows the variation of correlation length of Ba1-xCaxTiO3 ceramics with 
different composition of Ca variation. It is seen that, the correlation length initially 
increases and then decreases to a minimum value and then again increases and then if 
more amount of Ca is added the correlation length decreases but less in magnitude. The 
variation of correlation length is like a damped wave as if it is decaying with more and 
more addition of Ca with the BaTiO3 ceramic. The minimum correlation length is for 
x=0.25 and then with higher x values the pattern changes. That means it has a limiting 
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value at x=0.25 and as explained earlier it is the solid solubility limit. The effective 
periodicity of Ba1-xCaxTiO3 ceramics is found to be maximum for BaTiO3 ceramic and it 
decreases initially for x=0.05 slightly and then remains constant for the entire range of 
compositions, as shown in fig. 3.29.  The nano void diameter ( Fig.3.30)  shows avery 
peculiar nature, i.e with addition of  Ca, in Ba1-xCaxTiO3 ceramics, NVD decreases 
sharply , then increases a little. Afterwards within a range of  0.0007 nm they fluctuate 
and almost remains in stable situation, with a maximum value of  0.2319 nm  and a 
minimum value of 0.2312 nm. This may be due to the almost same crystallite size of the 
materials. 
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Fig.3.28  Composition vs. Correlation length of Ba1-xCaxTiO3 ceramics 
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Fig.3.29  Composition vs. Effective Periodicity of Ba1-xCaxTiO3 ceramics 
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Fig.3.30  Composition vs. Nano Void Diameter of Ba1-xCaxTiO3 ceramics 
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Fig.3.31 Composition vs. Nearest neighbour distance of Ba1-xCaxTiO3 ceramics 
 
The nearest neighbour distance (Fig.3.31) falls exponentially and then at x=0.25 increases 
a little and x=0.4 it further decreases and again increases at x=0.5. However, the nearest 
neighbour distance follow a butterfly nature and almost remains stable within x=0.2 to 
x=0.5 with a variation in the range of 0.0002 nm with a maximum of 0.1510 nm and a 
minimum of 0.1508 nm.  The inter atomic distance of  Ba1-xCaxTiO3 ceramics behaves in 
the similar ways  as the nearest neighbour distance behaves (Fig. 3.32). Thus we may say 
stable region in Ba1-xCaxTiO3 ceramics is between x=0.2 to x=0.5, where it shows almost 
the similar nature for the nano void species.  
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Fig.3.32  Composition vs. Inter Atomic Distance of Ba1-xCaxTiO3 ceramics 
 
Table- 3.4 Nano-void species of calcium modified BaTiO3  ceramics ( Ba1-xCaxTiO3 ) 
 
Samples   2 θ( )      ( A )  S( A -1)  R( A )    L ( A )    r ( A )    D( A )    d( A )       E 
I           22.3618   0.2400    3.1052     2.2043   26.1908   2.4899    2.3279    1.5182   1.23001 
II        22.4053    0.1920    3.1109     2.0206   32.7385    2.4853    2.3237    1.5154   1.22999 
III      22.4532    0.1920    3.1166     2.0169    32.7385    2.4808    2.3194   1.5127   1.23002   
IV      22.5182    0.2640    3.1256     2.0111    23.8098    2.4736    2.3127   1.5083   1.22999 
V       22.5261    0.3120    3.1247     2.0116     20.1468   2.4743     2.3134  1.5087   1.22998  
VI      22.5039    0.2400    3.1231     2.0127     26.1908   2.4756    2.3146   1.5095  1.23000 
VII     22.5288   0.2400    3.1264     2.0106     26.1908   2.4730     2.3121   1.5079  1.23001 
VIII   22.5038   0.2400    3.1231   2.0127      261908     2.4756     2.3146  1.5095   1.23001 
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3.3.2 Void species determination of Ba1-xPrxTiO3 ceramics [17] 
 
Based on the above theory and calculation, the refined XRD data and the calculated 
FSDP parameters are demonstrated in Table-5. 
 
One can see that, the FSDP for various Pr modified and pure BaTiO3 ceramics is around  
03618.222 , 01474.222 ,  01697.222 , 01669.222 , and 01745.222  
corresponding to the scattering vector 3.0766, 3.0799, 3.0790, and 3.0799 A  
respectively. The magnitude of the FWHM of the FSDP of samples I, II, III, and IV, are 
0.4800, 0.3600, 0.4080 and 0.2880 respectively.  
 
The interlayer separation with an effective periodicity (R), (the atom-void distance [12 ] ) 
and the correlation length (L) are calculated using eqs. (1), (2) and (3) and found to be 
2.0431 and 13.0954 A  for the sample-I. For all other samples including sample-I, the 
values are presented in Table-5. This means that, periodicity of R 2.0431 A  in sample-
I, is necessary to give the FSDP at the observed value of scattering vector (S) 3.0766 
A  and the real space quasi periodicity takes place along the correlation length of (L)  
13.0954 A . 
 
In case of sample- II, the FSDP is found around 
01697.222  with scattering vector 
3.0799 A . The magnitude of FWHM of the FSDP is equal to 0.3600. The repetitive 
distance (R) and the structural correlation length (L) obtained to be equal to 2.0409 and 
17.4606 A . 
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Analytically the FSDP position S and nano-void diameter D can be represented as [13-
14] 
                                                       
D
S
3.2
                                                            …. (18) 
Where D is the nano-void diameter and found to be equal to, 2.3279, 2.3496, 2.3471, 
2.3477 and 2.3471 respectively. 
 
It is found that, the interatomic distance (r) is very close to nano-void diameter (D). This 
implies that, the internal structural nanovoids may be responsible for low S structure 
(LSS) in XRD data. LSS could be the result of sharp peak in pair distribution function 
G(r) at 
r
46.2
 and a damped sinusoidal oscillations in G(r) with a 
S
2
 period. The 
correlation observed between the above formulas connecting the FSDP position S, with 
the structural details is explained. Its common feature could be originated from the atom-
atom and/or void-void distributions on the scale of extended range order within void 
based approach for the FSDP. 
 
Fig. 3.33 shows the variation of correlation length of Ba1-xPrxTiO3 ceramics with 
different composition of Pr variation. It is seen that, the correlation length initially 
decreases to a minimum and then increases and then again decreases but less in 
magnitude. On further addition of Pr the correlation length increases further. Thus the 
variation of correlation length is like a damped wave as if it is decaying with more and 
more addition of Pr with the BaTiO3 ceramic. The minimum correlation length is for 
x=0.001. This may be due to the large crystallite size of the materials with x=0.001. That 
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means the correlation length is crystallite size dependent. The effective periodicity of 
Ba1-xPrxTiO3 ceramics is found to be maximum for BaTiO3 ceramic and it decreases 
initially for x=0.001 slightly and then remains constant for the entire range of 
compositions, as shown in fig. 3.34.  The nano void diameter ( Fig.3.35)  shows avery 
peculiar nature, i.e with addition of  Pr, in Ba1-xPrxTiO3 ceramics, NVD increases sharply 
with x=0.001 , then decreases slightly for x=0.002, and remains almost constant with 
other compositions at 0.2347 nm . that means the materials shows similar nature for 
x=0.002, 0.003 and 0.004.. This may be due to the almost same crystallite size of the 
materials. A close observation on the inter atomic distance (Fig. 3.36) and  nearest 
neighbour distance (Fig. 3.37) shows the same pattern as that of the Fig. 3.35. All these 
three parameters are more or less same for the compositions, x=0.002, 0.003 and 0.004 in  
Ba1-xPrxTiO3 ceramics. 
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Fig 3.33 Composition vs. Correlation length of Ba1-xPrxTiO3 ceramics 
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Fig 3.34 Composition vs. Effective periodicity of Ba1-xPrxTiO3 ceramics 
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Fig 3.35 Composition vs. Nano Void Diameter of Ba1-xPrxTiO3 ceramics 
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Fig 3.36 Composition vs. Inter Atomic Distance of Ba1-xPrxTiO3 ceramics 
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Fig 3.37 Composition vs. Atomic Diameter of Ba1-xPrxTiO3 ceramics 
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Table- 3.5 Nano-void species of Praseodymium modified BaTiO3  (Ba1-xPrxTiO3 ceramics) 
Samples   2 θ( )      ( A )  S( A -1)  R( A )    L ( A )       r ( A )   D( A )  d( A )      E 
I           22.1474   0.4800    3.0766    2.0431    13.0954    2.5130  2.3496   1.5323  1.22999 
II         22.1697    0.3600   3.0799    2.0409     17.4606    2.5103   2.3471   1.5307  1.22999 
III       22.1669     0.4080   3.0790    2.0415     15.4064    2.5110   2.3477    1.5311  1.22997 
IV      22.17448    0.2880   3.0799   2.0409      21.8257    2.5103   2.3471    1.5307  1.22999 
 
3.3.3 Void species determination of Ba1-xDyxTiO3 ceramics  
Again basing on the above theory and calculations the refined XRD data and the 
calculated FSDP parameters are demonstrated in Table-6. 
 
One can see that, the FSDP for various Dy modified BaTiO3 and Pure BaTiO3 ceramics 
is around  03618.222  , 01533.222 ,  02562.222 , 00750.222 , and, 
01674.222 , corresponding to the scattering vector 3.1052, 3.0774, 3.0905, 3.0660, 
and 3.0790  A  respectively. The magnitude of the FWHM of the FSDP of samples I, II, 
III, and IV, are 0.2400, 0.3120, 0.3600, 0.3600 and 0.2640 respectively.  
 
The interlayer separation with an effective periodicity (R), (the atom-void distance [12]) 
and the correlation length (L) are calculated using eqs. (1), (2) and (3) and found to be 
2.0426 and 20.1468 A  for the sample-I. For all other samples including sample-I, the 
values are presented in Table-6. This means that, periodicity of R 2.0426 A  in sample-
I, is necessary to give the FSDP at the observed value of scattering vector (S) 3.0774  
A  and the real space quasi periodicity takes place along the correlation length of (L)  
20.1468 A . 
Chapter-III                                                                                     X-ray Powder Diffraction Studies 
 108 
In case of sample- II, the FSDP is found around 02562.222  with scattering vector 
3.0905 A . The magnitude of FWHM of the FSDP is equal to 0.3600. The repetitive 
distance (R) and the structural correlation length (L) obtained to be equal to 2.0339 and 
17.4606 A . 
 
Analytically the FSDP position S and nano-void diameter D can be represented as [13- 
14] 
                                                              
D
S
3.2
                                                     …. (19) 
Where D is the nano-void diameter and found to be equal to, 2.3279, 2.3490, 2.3390, 
2.3577 and 2.3477 respectively. 
It is found that, the interatomic distance (r) is very close to nano-void diameter (D). this 
implies that, the internal structural nanovoids may be responsible for low S structure 
(LSS) in XRD data. LSS could be the result of sharp peak in pair distribution function 
G(r) at 
r
46.2
 and a damped sinusoidal oscillation in G(r) with a 
S
2
 period. The 
correlation observed between the above formulas connecting the FSDP position S, with 
the structural details is explained. Its common feature could be originated from the atom-
atom and/or void-void distributions on the scale of extended range order within void 
based approach for the FSDP. 
Fig. 3.38 shows the variation of correlation length of Ba1-xDyxTiO3 ceramics with 
different composition of Dy variation. It is seen that, the correlation length decreases 
gradually up to x=0.025 and becomes minimum and then again increases gradually with 
higher Dy doping. The figure looks like a big U. That means the correlation length is 
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crystallite size dependent. The effective periodicity of Ba1-xDyxTiO3 ceramics is found to 
be maximum for BaTiO3 ceramic and it decreases initially for x=0.01 and then remains 
almost constant for the entire range of compositions, as shown in fig. 3.39.  The nano 
void diameter ( Fig.3.40)  shows avery peculiar nature, i.e with addition of  Dy, in Ba1-
xDYxTiO3 ceramics, NVD increases sharply with x=0.01 , then decreases slightly for 
x=0.025 and becomes minimum to 0.2339 nm, and again increases with a larger 
magnitude for x=0.05 with a maximum value of 0.2358 nm. Further at x=0.075  the NVD 
decreases with a lesser magnitude. The pattern shows ashifting wave nature in the upward 
directions. This may be due to the variation in the crystallite size of the materials. A close 
observation on the inter atomic distance (Fig. 3.41) and  nearest neighbour distance (Fig. 
3.42) shows the same pattern as that of the Fig. 3.40). All these three parameters are 
almost same for the entire range of compositions, x=0.01, 0.025, 0.025 and 0.075 in  Ba1-
xDyxTiO3 ceramics. These parameters varies in the same ways in which their crystallite 
size varies. 
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Fig 3.38 Composition vs. Correlation Length of Ba1-xDyxTiO3 ceramics 
Chapter-III                                                                                     X-ray Powder Diffraction Studies 
 110 
19.7%
19.8%
19.6%
19.7%
21.2%
 x=0.0
 x=0.01
 x=0.025
 x=0.05
 x=0.075
 
 
 
Fig 3.39 Composition vs. Effective Periodicity of Ba1-xDyxTiO3 ceramics 
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Fig 3.40 Composition vs. Nano Void Diameter  of Ba1-xDyxTiO3 ceramics 
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Fig 3.41 Composition vs. Inter Atomic Distance of Ba1-xDyxTiO3 ceramics 
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Fig 3.42 Composition vs. Atomic Diameter of Ba1-xDyxTiO3 ceramics 
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Table-3.6 Nano-void species of Dysprosium modified BaTiO3  (Ba1-x DyxTiO3)  ceramics 
 
Samples   2 θ( )      ( A )  S( A -1)  R( A )    L ( A )       r ( A )   D( A )  d( A )      E 
I          22.1533    0.3120   3.0774   2.0426    20.1468   2.5123    2.3490    1.5319    1.22997 
II        22.2562    0.360     3.0905   2.0339     17.4606   2.5017    2.3390    1.5254    1.22999 
III       22.0750    0.3600   3.0660   2.0502     17.4606   2.5217    2.3577    1.5376    1.22999 
IV       22.1674    0.2640   3.0790   2.0415     23.8098   2.5110    2.3477    1.5311    1.22997 
 
 
3.3.3.4 Conclusion: 
In this section the void species nanostructure of modified BaTiO3 such as Ba1-xCaxTiO3 
,Ba1-xPrxTiO3, Ba1-x DyxTiO3 ceramics using the FSDP XRD has been studied. It is seen 
that the inter atomic distance, nano-void diameter and nearest neighbour distance varies 
almost in the same way with different compositions for all the three different kind of 
samples. As a result of correlation observed, the values of r parameter are found to be 
very close to D parameter. We may say the internal structural nano-voids may be 
responsible for the origin of LSS  in X-ray scattering in the frame work of Elliott’s void 
based model. Also here we have observed the variation in Ehrenfest’s number only in the 
fifth significant figures but, almost it gives 1.23 (approx.). 
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RIETVELD ANALYSIS 
 
4.1 Introduction 
 
The phase transformation kinetics in the course of ball milling toward the formation of 
required phase is always followed by creation of lattice imperfections (microstructure 
parameters) of different kinds. Microstructure characterization in terms of lattice 
imperfections is, therefore, an essential tool to find the reason for phase transition and the 
formation of new phases. Physical properties of a material depend on the microstructure 
and, therefore, by controlling the microstructure, material properties can be tailored. The 
X-ray powder diffraction pattern of ball-milled powder mixtures, milled for different 
duration, are composed of a large number of overlapping reflections and the degree of 
overlapping increases with increasing milling time. Rietveld’s X-ray powder structure 
refinement based on simultaneous structure and microstructure refinement [1] has been 
adopted in the present study because no other methods of microstructure characterization 
are capable of determining the crystallite size, lattice strain, changes in lattice and atomic 
parameters, relative phase abundances of all the phases in a multiphase nanocrystalline 
material containing a large number of overlapping reflections. 
 
     The purpose of our present work is to: (i) prepare nanocrystalline BaTiO3 directly by 
ball milling the equimolar composition of BaCO3 and TiO2 powder mixture at room 
temperature, and (ii) characterize prepared materials in terms of various lattice 
imperfections (changes in lattice parameters, crystallite size,  and r.m.s. lattice strain). 
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The X-ray powder diffraction profiles of the ball-milled samples were recorded using Ni-
filtered Cu Kα radiation from a highly-stabilized and automated Philips X-ray generator 
(PW 1830) operated at 30 kV and 20 mA. The generator is coupled with a Philips X-ray 
powder diffractometer consisting of a PW 3040 mpd controller, PW 1050/51 goniometer 
of radius 200 mm, and a proportional counter. For this experiment, 1  divergence slit, and 
1mm receiving slit, were used. The step-scan data of step size 0.02   and step scan 0.6 s 
were recorded for the entire angular range 10–90  . 
 
4.1.1   Microstructure characterization by X-ray powder diffraction 
In the present study, we have adopted the Rietveld’s powder-structure refinement 
analysis [1-6] of X-ray powder diffraction step scan data of ball-milled and post-annealed 
samples to obtain the refined structural and microstructural parameters (crystallite size 
and r.m.s. lattice strain). The Rietveld software MAUD 2.14 [1] is specially designed to 
refine simultaneously both the structural and microstructural parameters through a least-
square method. The peak shape was assumed to be a pseudo-Voigt function with 
asymmetry. The background of each pattern was fitted by a polynomial function of 
degree 5. In the present study, refinements were conducted without refining the isotropic 
atomic thermal parameters. 
 
4.1.2 Microstructure evolution by X-ray powder diffraction 
Microstructure characterization of all the ball-milled powder samples has been made by 
employing the Rietveld’s whole-profile fitting method based on structure and 
microstructure refinement [7-10] The experimental profiles were fitted with the most 
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suitable pseudo-Voigt analytical function [10] because it takes individual care for both 
the particle size and strain broadening of the experimental profiles. For both the Kα1 and 
Kα2 profiles, the line broadening function B (2θ) and the symmetric part of instrumental 
function S (2θ) may be represented by the pseudo-Voigt function [10] 
                                      
                                       )]()1()([)( xGxCIxpV nt                                      ….(1)                                                                       
 
where the Cauchyian component, C(x) = (1 + x2)−1 and the Gaussian component, G(x) = 
exp[−(ln 2)x2] with x = (2θ − 2θ0)/HWHM (HWHM: half-width at half-maxima of the X-
ray peaks) and HWHM = 1/2FWHM = 1/2(U tan2 θ + V tan θ + W)1/2, where U, V and 
W are coefficients of the quadratic polynomial, η the Gaussianity of X-ray profile, θ0 the 
Bragg angle of Kα1 peak and Int the scale factor. 
 
The powder diffraction patterns were simulated providing all necessary structural 
information and some starting values of microstructural parameters of the individual 
phases with the help of the Rietveld software, the MAUD 2.07[1].  
 
Initially, the positions of the peaks were corrected by successive refinements of zero-shift 
error. Considering the integrated intensity of the peaks as a function of structural 
parameters only, the Marquardt least-squares procedures were adopted for minimization 
the difference between the observed and simulated powder diffraction patterns and the 
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minimization was carried out by using the reliability index parameter, Rwp (weighted 
residual error),  Rexp (expected error) and RB (Bragg factor) defined as: 
 
                                               2/1
2
0
2
0 ]
)(
[
Iw
IIw
R
i
ci
wp
                                             ….(2)   
                                              
                                                
0
0
100
I
II
R
c
B                                                       ….(3)                                                                                                      
and 
                                               
2/1
2
0
exp
Iw
PN
R
i
                                                          ….(4)                                                                                                  
 
where I0 and Ic are the experimental and calculated intensities, respectively, wi (1/I0) and 
N are the weight and number of experimental observations, and P is the number of fitting 
parameters.  
 
The goodness of fit (GoF) is established by comparing Rwp with the expected error, Rexp 
This leads to the value of goodness of fit [8, 9, 11] : 
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 Refinement continues till convergence is reached with the value of the quality factor, 
which confirms the goodness of refinement. 
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4.1.3 Size–strain analysis 
The basic consideration of this method is the modeling of the diffraction profiles by an 
analytical function, which is a combination of Cauchyian, Gaussian, and asymmetry 
functions as well. It has been well established that the observed peak broadenings of the 
sample profiles are mainly due to the presence of small particle size and rms strain inside 
the particles. The particle size and strain broadening can be approximated better with 
Cauchyian and Gaussian-type functions, respectively [12-13] . Being a linear 
combination of a Cauchyian and Gaussian functions, the pV function is the most reliable 
peak-shape function and is being widely used in the Rietveld structure-refinement 
software.  
 
The process of successive profile refinements modulated different structural and 
microstructural parameters of the simulated pattern to fit the experimental diffraction 
pattern. Profile refinement continues until convergence is reached in each case, with the 
value of the quality factor (GoF) approaches very close to 1. 
 
4.2 Results and discussion 
4.2.1  Results and discussion of Ba1-xCaxTiO3 ceramics  
Fig.4.1(a-h) represents the refined structure of the Ca substituted BaTiO3 ceramics. In the 
figure the dots represent observed and solid lines represents the calculated intensities on 
the same scale. The tick marks indicate the calculated positions of Bragg peaks. 
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Fig. 4.1 (a): Refined structure of Ba1-xCaxTiO3 ceramics  for X=0.0 
 
Fig. 4.1 (b): Refined structure of Ba1-xCaxTiO3 ceramics  for x=0.05 
 
Fig.4.1 (c): Refined structure of Ba1-xCaxTiO3 ceramics  for  x=0.1 
 
Fig. 4.1 (d): Refined structure of Ba1-xCaxTiO3 ceramics  for  X=0.2 
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Fig. 4.1 (e): Refined structure of Ba1-xCaxTiO3 ceramics  for  X=0.25 
 
Fig. 4.1 (f): Refined structure of Ba1-xCaxTiO3 ceramics  for  X=0.3 
 
Fig.4.1 (g): Refined structure of Ba1-xCaxTiO3 ceramics  for  X=0.4 
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Fig. 4.1 (h): Refined structure of Ba1-xCaxTiO3 ceramics  for  X=0.5 
 
 Fig.4.2 represents the variation of r.m.s. strain of BaTiO3 ceramics due to the substitution 
of Ca. The figure indicates that the change in r.m.s. strain due to the substitution of Ca is 
non-linear. Due to the substitution of Ca the crystallite size of BaTiO3 ceramics get 
changed. Fig. 4.3 represents the change in crystallite size (nm) due to the substitution of 
Ca. The variation of crystallite size with different % of Ca substitution is isotropic in 
nature. It decreases continuously with addition of calcium. Fig. 4.4 shows the variation of 
lattice parameters due to the substitution of Ca with the BaTiO3 ceramics. The variation 
of lattice parameter with different % of Ca substitution follow a peculiar trend and is 
explained subsequently. 
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Figure 4.2: composition vs.  r.m.s. strain 
Chapter-IV                                                                                                              Rietveld Analysis 
 123 
0.0 0.1 0.2 0.3 0.4 0.5
150
200
250
300
350
400
C
ry
s
ta
lli
te
 s
iz
e
 (
n
m
)
Composition
 
 
 
Figure 4.3: composition vs. crystallite size (nm) 
 
The lattice parameter of the ball-milled and Ca-modified, ball-milled BaTiO3 is presented 
in the Table 4.1. It is observed that the lattice parameter a decreases gradually upto 
x=0.25 and then increases slowly and varies within a range of  2 x 10
-4
 nm, whereas the 
lattice parameter c first decreases upto x=0.2. and then slightly increases for x=0.25. 
Thereafter, the c parameter also varies within a range of  2 x 10
-4
 nm.  But for all the 
samples c parameter is more than a parameter. Or, in other words, c/a ratio is more than 
1, i.e. the material is more dense. A pecualirity is observed for x=0.3, variation of the c 
parameter does not follow the same trend, rather it increases. This may be due to the 
sudden decrease in the crystallite size. The continuous decrease in lattice parameters 
signifies the reduction in lattice strain. Our result is different from those reported earlier.  
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We observed in this Rietveld analysis that the crystallite size (nm) decreases gradually as 
we go on adding more amount of Ca to the BaTiO3. Also the Rietveld analysis shows a 
peculiar trend in the variation in r.m.s. strain. It is seen that the r.m.s. strain decreases for 
sample III, i.e. x=0.1, but for sample IV, i.e. x=0.2, it increases further and again for 
sample VI x=0.3, the r.m.s. strain decreases, i.e. the lattice strain changes non-linearly. 
The decreased value of rms strain may be due to the different contributions of crystallite 
size effect, improper diffusion of doping material, and agglomeration of ceramics with 
the doping material. Crystallite sizes and lattice strains of all the phases are found to be 
isotropic in nature. 
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Figure 4.4: composition  vs. lattice parameters (nm) 
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Table. 4.1 Figure of Merit for Ba1-xCaxTiO3 ceramics 
Sample    Refined parameters              Lattice parameters(nm)  Crystallite   r.m.s.  strain                                                                                                                                                                                                                                       
                                                                                                                       Size (nm) 
 Rwp     Rp        Rwpb    Rpb        GOF      a            b             c            (Dv)               ε x 10-3 
I       0.5328   0.4324   0.8106   0.4516    0.24    0.3992   0.3992   0.4011      307.21             1.50   
II      0.5359   0.4290    0.7911   0.4620   0.25    0.3981   0.3981   0.4010      361.33             1.05 
III     0.5123   0.4074    0.7690   0.4641  0.24    0.3973  0.3973   0.4000       288.07             0.998 
IV     0.5009   0.4035   0.6892   0.4401   0.23   0.3960   0.3960   0.3970       274.18             2.20 
V      0.5137   0.4187   0.7792   0.4676    0.25   0.3955   0.3955   0.3974       225.97            1.44 
VI     0.4896   0.3881   0.7781   0.4299   0.24   0.3959   0.3959   0.3973       222.91             1.78 
VII    0.5456   0.4459   0.8301   0.5080   0.25   0.3960  0.3960    0.3974       211.63             0.968 
VIII  0.5802   0.4821   0.9441   0.5611   0.25   0.3958   0.3958   0.3972       146.13             0.906 
 
 
4.2.1.1 Generated structure of Ba1-xCaxTiO3 ceramics 
The structure of Ba1-xCaxTiO3 ceramics generated using powder cell 2.3 [14] looks like 
the below-mentioned figure (Fig. 4.5). The initial data for generation of this figure were 
taken as SGN 123,  lattice parameters a=b= 3.973 A , c= 4.0 A  i.e. in tetragonal 
symmetry for x = 0.1   
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Fig. 4.5: Generated structure of Ba1-xCaxTiO3 ceramics 
4.2.1.2 The unit cell 
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Fig.4.6: Unit cell of the generated structure of Ba1-xCaxTiO3 ceramics 
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4.2.1.3 The generated position of Ba1-xCaxTiO3 ceramics 
 
Table- 4.2 The generated position of Ba1-xCaxTiO3 ceramics 
 
No   name       crystal coordinates          cartesian coordinates  
                       x           y           z               x            y             z   
  1     Ba     0.0000   0.0000   0.0000    -1.9910  -1.9910  -2.0150 
  2     Ti     0.0000    0.0000   0.5000    -1.9910  -1.9910   0.0000 
  3     O1   0.5000    0.5000   0.0000     0.0000   0.0000  -2.0150 
  4     O2   0.5000    0.5000   0.5000     0.0000   0.0000   0.0000 
  5     Ca    0.0000   0.5000   0.5000    -1.9910   0.0000   0.0000 
  6     Ca    0.5000   0.0000   0.5000     0.0000  -1.9910   0.0000 
 
4.2.1.4 Bond lengths of the generated structure of Ba1-xCaxTiO3 ceramics 
 
Table-4.3 Bond lengths of the generated Structure of Ba1-xCaxTiO3 ceramics 
 
No     atom1   atom2         distance   quant 
  1         Ba      Ti              2.0150          8 
  2         Ba      O1             2.8157          8 
  3         Ba      O2             3.4625          8 
  4         Ba      Ca             2.8327          16 
  5         Ba      Ba             3.9820          8 
  6         Ba      Ca             4.8868          16 
  7         Ba      Ba             4.0300          4 
  8         Ti      Ca             1.9910           8 
  9         O1    Ca             2.8327           8 
  10        O2   Ca             1.9910           4 
  11       Ca     Ca            2.8157           4 
  12        Ca    Ca            3.9820           2 
 
4.2.1.5 Bond angles of the generated structure of Ba1-xCaxTiO3 ceramics 
 
Table-4.4 Bond angles of the generated structure of Ba1-xCaxTiO3 ceramics 
 
No  atom1 atom2 atom3   angle      quant 
  1      Ti         Ba       O1     89.9993     2 
  2      Ti         Ba       O2     54.4110     6 
  3      Ti         Ba       Ca     44.6565     16 
  4      Ti         Ba       Ba     89.9995     16 
  5      Ti         Ba       Ca     65.6478     12 
  6      Ti         Ba       Ba     0.0005       8 
  7      Ba        Ti        Ca     90.0005     16 
  8      Ba        Ti        Ba     180.0000   4 
  9      O1       Ba        O2    35.5883     2 
  10    O1       Ba        Ca     60.1980    4 
  11    O1       Ba        Ba     44.9998    16 
  12    O1       Ba       Ca      30.1991    12 
  13    O1       Ba       Ba      89.9993     2 
  14    Ba       O1       Ca      60.1989    12 
  15    Ba       O1       Ba      90.0000     8 
  16    Ba       O1       Ca      19.8020     4 
  17    Ba       O1       Ba      180.0000   4 
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  18    O2       Ba       Ca      35.1014    4 
  19    O2       Ba       Ba      54.8979    12 
  20    O2       Ba       Ca      19.4707    16 
  21    O2       Ba       Ba      54.4110    6 
  22    Ba       O2       Ca      54.8979    12 
  23    Ba       O2       Ba      70.2033    4 
  24    Ba       O2       Ca      125.1021  12 
  25    Ba       O2       Ba      108.8229   2 
  26    Ba       O2       Ba      71.1771     2 
  27    Ba       O2       Ba      109.7967   4 
  28    Ba       O2       Ba      180.0000   3 
  29    Ca       Ba       Ca      59.6023     2 
  30    Ca       Ba       Ba      89.9993     4 
  31    Ca       Ba       Ca      54.5721     4 
  32    Ca       Ba       Ba      45.3430     14 
  33    Ca       Ba       Ca      29.9989     16 
  34    Ca      Ba       Ba       44.6565     16 
  35    Ba      Ca       Ti        45.3430     16 
  36    Ba      Ca       O1      59.6031     12 
  37    Ba      Ca       O2      90.0007     4 
  38    Ba      Ca       Ca      60.1988     12 
  39    Ba      Ca       Ba      54.5730     12 
  40    Ba      Ca       Ca      90.0007     4 
  41    Ba      Ca       Ba      89.3135     8 
  42    Ba      Ca       Ti       134.6570   16 
  43    Ba      Ca       Ca      119.8020    4 
  44    Ba      Ca       Ba      89.6026      4 
  45    Ba      Ca       Ba      90.6865      8 
  46    Ba      Ca       O1     120.3977     4 
  47    Ba      Ca       Ba      90.3985      12 
  48    Ba      Ca       Ba      180.0000      8 
  49    Ba      Ca       Ba      125.4279      4 
  50    Ba      Ba       Ca      35.4272      12 
  51    Ba      Ba       Ba      89.9995      24 
  52    Ba      Ba       Ca      65.9563      4 
  53    Ba      Ba       O2     54.8988       4 
  54    Ba      Ba       Ca     35.4277        4 
  55    Ba      Ba       Ca     90.0007        4 
  56    Ba      Ba       Ca     65.9574       12 
  57    Ca      Ba       Ca     33.4873       2 
  58    Ca      Ba       Ba      65.6478      12 
  59    Ba      Ca       O1     29.9989      16 
  60    Ba      Ca       O2     35.4272      12 
  61    Ba      Ca       Ca      35.4272      12 
  62    Ba      Ca       Ca     30.1991      12 
  63    Ba      Ca       Ba      54.5721       4 
  64    Ba      Ca       Ti      65.9563       4 
  65    Ba      Ca       Ba     48.0863       4 
  66    Ba      Ca       Ca     73.2563       16 
  67    Ba      Ca       Ba     89.6021       12 
  68    Ba      Ca       Ti      114.0437     4 
  69    Ba      Ca       Ba      48.7033      4 
  70    Ba      Ca       O1     73.7748      12 
  71    Ba      Ca       Ba      70.8549      4 
  72    Ba      Ba       O2     54.4119      2 
  73    Ba      Ba       Ca      65.6489     4 
  74    Ba      Ba       O1      90.0007     2 
  75    Ca      Ti        Ca       89.9995     4 
  76    Ti       Ca       O1      90.0000      8 
  77    Ti       Ca       O2      90.0005      8 
  78    Ti       Ca       Ca      45.0002       8 
  79    Ti      Ca       Ba       65.9569      12 
  80    Ti      Ca       Ca       90.0005       8 
  81    Ti      Ca       Ti        180.0000     4 
  82    Ti      Ca       Ca       135.0002     8 
  83    Ti      Ca       Ba       114.0435    12 
  84    Ti      Ca       O1      90.0007        4 
  85    Ti      Ba       O2      54.4119        2 
  86    Ti      Ba       Ca      65.6489         4 
  87    Ti      Ba       O1     90.0007         2 
  88    Ca     O1      Ca      59.6029        6 
  89    Ca     O1      Ba      119.8014      12 
  90    Ca     O1     Ca       89.3135        4 
  91    O1    Ca      O2      45.3435        8 
  92    O1    Ca      Ca      60.1986        12 
  93    O1    Ca      Ca      45.3435        8 
  94    O1    Ca      Ba      120.3971      12 
  95    O1    Ca      O1     90.6865        4 
  96    O1    Ba      O2     35.5888        6 
  97    O1    Ba      Ca     60.1986        12 
  98    O1    Ba      Ti      90.0000        4 
  99    O1    Ba      Ca     30.1996        4 
  100  O1    Ba      Ba     90.0000        4 
  101  Ca    O1     Ca     59.6023         2 
  102  Ca    O1     Ba     60.1980         4 
  103  O1   Ca     Ca      60.1980         4 
  104  O1   Ca      Ba     59.6023         4 
  105  O1   Ca     Ti       89.9993         4 
  106  O1   Ca     Ba      73.7742         4 
  107  Ca    O2    Ca      89.9995         4 
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  108  Ca    O2    Ba      125.1012       4 
  109  Ca    O2    Ca      180.0000       2 
  110  Ca    O2    Ba      54.8988         4 
  111  O2   Ca     Ca      45.0002         8 
  112  O2   Ca     Ba      35.4277         4 
  113  O2   Ca     Ca      180.0000       2 
  114  O2   Ca     Ba       90.0000        8 
  115  O2   Ca     Ba       89.9993        4 
  116  O2   Ca     Ca       0.0003          2 
  117  Ba    O2    Ba       108.8224      2 
  118  Ba    O2    Ba       70.2038        4 
  119  Ba    O2    Ba       109.7962      4 
  120  Ba    O2    Ba        71.1776       2 
  121  O2   Ba     Ca        35.1019       12 
  122  Ba    O2    Ba        179.9703     1 
  123  Ca    Ca    Ca        45.0002       8 
  124  Ca    Ca    Ba        119.8014     12 
  125  Ca    Ca    Ca        90.0000       4 
  126  Ca    Ca    Ba        30.1996       4 
  127  Ba    Ca    Ca        35.4277       4 
  128  Ba    Ca    Ba        48.0866       4 
  129  Ba    Ca    Ba        48.7036       4 
  130  Ba    Ca    Ba        125.4270     12 
  131  Ca    Ba    Ca        54.5730      12 
  132  Ca    Ba    Ca        33.4879       6 
  133  Ca    Ca    Ba        90.0000       8 
  134  Ca    Ca    Ba        89.9993       4 
  135  Ca    Ba    Ca        59.6031       6 
  136  Ca    Ba    Ba        90.0000       8 
  137  Ca    Ca    Ba        60.1980       4 
  138  Ba    Ca    Ba        70.8545       4 
  139  Ba    Ca    Ba        90.3974       4 
  140  Ca    Ba    Ba        45.3435       9 
  141  Ba    Ba    Ca        45.3435       3 
 
 
 
 
 
4.2.1.6 Conclusions 
 
Microstructure characterization of ball-milled BaCO3, CaCO3 and TiO2   powder mixture 
clearly reveals that, tetragonal BaTiO3 in nanocrystalline form can be obtained by ball 
milling the stoichiometric powder mixtures of BaCO3, CaCO3 and TiO2. The material is 
found to be dense as c/a ratio is more than 1. The decrease in lattice parameters signifies 
the reduction in lattice strain. The crystallite size decreases as Ca modify BaTiO3 
ceramics.  At last we get a clear picture of the crystal structure of Ba0.9Ca0.1TiO3 ceramics 
in terms of different positions of the atoms, bond lengths and bond angles. 
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4.2.2 Results and discussion of Ba1-xPrxTiO3 ceramics 
 
Fig. 4.7 (a): Refined structure of Ba1-xPrxTiO3 ceramics for X=0.001 
 
 
Fig. 4.7 (b): Refined structure of Ba1-xPrxTiO3 ceramics for X=0.002 
 
 
Fig. 4.7 (c): Refined structure of Ba1-xPrxTiO3 ceramics for x=0.003 
 
 
Fig. 4.7 (d): Refined structure of Ba1-xPrxTiO3 ceramics for x=0.004 
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Fig.4.7(a-d) represents the refined structure of the praseodymium-modified BaTiO3 
ceramics, initial parameters used and final refined parameters along with the figure of 
merit, and  goodness of fit. In the above Fig. 4.7, the dots represent observed and solid 
lines represents the calculated intensities on the same scale. The tick marks indicate the 
calculated positions of Bragg peaks. Fig.4.8 represents the variation of r.m.s. strain of 
BaTiO3 ceramics due to the substitution of Pr. The figure indicates that the change in 
r.m.s. strain due to the substitution of Pr is non linear. Due to the substitution of Pr the 
average crystallite size of BaTiO3 ceramics gets changed. 
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Fig 4.8:  r.m.s. strain vs. composition of Ba1-xPrxTiO3 ceramics 
 
 
Fig. 4.9 represents the change in crystallite size (nm) due to the substitution of Pr. The 
variation of crystallite size with different % of Pr substitution again shows a peculiar 
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trend. First, it increases rapidly for x= 0.001, and almost remains the same for x=0.002, 
then suddenly decreases for x=0.003 and further for x = 0.004, it increases up to 790 nm. 
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Fig. 4.9: Crystallite size vs. composition of Ba1-xPrxTiO3 ceramics 
 
 
Fig 4.10 shows the variation of lattice parameters due to the substitution of Pr with the 
BaTiO3 ceramics. The variation of lattice parameter with different % of Pr substitution 
follows a peculiar trend and is explained subsequently. 
 
The lattice parameters a, b and c of all the samples first increase, then decrease and, with 
higher doping %, increase again and as the doping % of praseodymium increases, all the 
three lattice parameters decreases, as shown in Table 4.5. Or, in other words, c/a ratio is 
>= 1, i.e. the material is more dense. The compactness ratio ( c/a) is maximum for 
sample-III and V and minimum for II and IV. 
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Fig 4.10: Composition vs. lattice parameters of Ba1-xPrxTiO3 ceramics 
 
The peculiarity is observed for x=0.003, variation of the c parameter does not follow the 
same trend, rather it is almost same as a=b may be due to the sudden decrease in the 
crystallite size and minimum strain. The decrease in lattice parameters signifies the 
reduction in lattice strain.  
 
The lattice strain changes non-linearly. The decreased value of r.m.s. strain may be due to 
the different contributions of crystallite-size effect, improper diffusion of doping 
material, and agglomeration of ceramics with the doping material. Crystallite sizes and 
lattice strains of all the phases are found to be isotropic in nature. All the refined 
parameters including RB, Rp and Rwp are also mentioned in Table 4.5 and it seems that 
these values are always more than that of the virgin BaTiO3 for all the samples.  
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Table 4.5 Figure of merit for Ba1-xPrxTiO3 ceramics 
 
Sample    Refined parameters                    Lattice parameters(nm)       Grain size    r.m.s.   
                                                                                                                        (nm)            strain                                                                                                                          
 Rwp    Rp     Rwpb   Rpb      GOF         a            b             c                (Dv)        ε x 10-3 
I       0.888    0.843   1.049    0.926    0.18     0.5054    0.5054      0.5154       790.29       0.006 
II      0.773    0.668    0.847   0.716    0.19     0.1467    0.1467    1.6489         790.05       0.247 
III     0.763    0.678   1.354    0.862    0.22     0.5061    0.5061    0.5091        585.09        0.005 
IV     0.802    0.707   0.879    0.765    0.18     0.1448    0.1448   1.6982         790.05        0.242    
 
 
 
4.2.2.1 Generated structure of Ba1-xPrxTiO3 ceramics 
 
Based on the above consideration, theoretically we can predict the structure of the 
praseodymium-modified BaTiO3 to be as shown in Fig 4.11 with different bond lengths 
(Table-4.7)and bond angles (Table-4.8) and generated positions (Table-4.6) with initial 
data a = b = 1.4667A  and c = 16.4897 A  with SGN 123, P4MM, H-M Tetragonal 
symmetry for x = 0.002. 
 
Chapter-IV                                                                                                             Rietveld Analysis 
 135 
                                                                     
 
a
b
c
Ba
3.4707
2.8384
2.8384
4.0335
2.0168
2.8245
3.9945
3.9945
Ti
1.9972
1.9972
2.0168
Ba
3.4706
2.8384
4.0335
2.8383
2.0168
3.9945
2.8245
O1
2.8384
2.8384
2.8383
2.8383
2.8245
2.8245
Pr
3.9945
2.83841.9972
2.8245
2.83841.9972
2.8245
2.8383
Ba
2.8384
3.4706
4.0335
2.0168
2.8383
3.9945
Pr
2.8245
2.83841.9972
3.9945
2.83841.9973
2.8383
Ba
2.82453.4706
3.9945
3.9945
Ti
1.9973
2.0168
O2
3.4707
1.9972
1.9972
3.4706
3.4706
3.4706
Ti
1.9972
2.0168
Ba 4.0335
2.8383
2.0168
2.8383
Pr
2.8384
2.8245
1.9972
2.8383
2.8383
Ba
3.9945
2.8245
Pr
2.83 41.9972
2.8383
2.8383
O1
2.8245
2.8245
Ba
3.9945
Ti2.0168
Ba
PowderCell 2 .0
 
 
Fig. 4.11: Generated structure of  Ba1-xPrxTiO3 ceramics 
 
4.2.2.2 The unit cell 
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Fig. 4.12: Unit cell of Ba1-xPrxTiO3 ceramics 
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4.2.2.3 Generated positions of Ba1-xPrxTiO3 ceramics 
 
Table-4.6 Generated positions of Ba1-xPrxTiO3 ceramics 
 
No   name       crystal coordinates          cartesian coordinates  
                        x        y        z                      x           y           z   
  1     Ba     0.0000   0.0000   0.0000    -1.9973  -1.9973  -2.0168 
  2     Pr     0.0000   0.5000    0.5000    -1.9972   0.0000   0.0000 
  3     Ti     0.0000   0.0000   0.5000    -1.9973  -1.9972   0.0000 
  4     O1   0.5000   0.5000   0.0000     0.0000   0.0000  -2.0168 
  5     O2   0.5000   0.5000   0.5000     0.0000   0.0000   0.0000 
  6     Pr    0.5000   0.0000   0.5000     0.0000  -1.9972   0.0000 
 
4.2.2.4 Bond lengths of the generated structure of Ba1-xPrxTiO3 ceramics 
 
Table - 4.7 Bond lengths of the generated structure of Ba1-xPrxTiO3 ceramics 
No     atom1   atom2   distance   quant 
  1         Ba      Pr          2.8384      16 
  2         Ba      Ti          2.0168       8 
  3         Ba      O1        2.8245       8 
  4         Ba      O2        3.4707       8 
  5         Ba      Ba        3.9945       4 
  6         Ba      Ba        3.9945       4 
  7         Ba      Ba        4.0335       4 
  8         Pr       Ti         1.9972       8 
  9         Pr       O1       2.8383       8 
  10       Pr      O2        1.9972       4 
  11       Pr       Pr        2.8245       4 
  12       Pr       Pr        3.9945       2 
 
 
4.2.2.5 Bond angles of the generated structure of Ba1-xPrxTiO3 ceramics 
 
Table-4.8 Bond angles of the generated structure of Ba1-xPrxTiO3 ceramics 
No  atom1 atom2   atom3   angle quant 
  1        Pr        Ba        Ti    44.7214      8 
  2        Pr        Ba       O1    60.1604      4 
  3        Pr        Ba       O2    35.1323      4 
  4      Pr        Ba       Pr     59.6775      8 
  5        Pr        Ba      Ba     89.9993      4 
  6        Pr        Ba      Ba     45.2781      8 
  7       Pr        Ba      Ba     44.7214      8 
  8       Ba       Pr      Ti      45.2781       8 
  9       Ba       Pr      O1     59.6784     16 
  10      Ba      Pr      O2     90.0007      4 
  11      Ba      Pr      Pr      60.1612     12 
  12      Ba      Pr      Pr      90.0007      4 
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  13        Ba      Pr      Ba     89.4433      8 
  14        Ba      Pr      Ti      34.7219      8 
  15        Ba      Pr      Pr      119.8396    4 
  16        Ba      Pr      Ba     90.5567      8 
  17        Ba      Pr      O1     120.3225   16 
  18        Ba      Pr      Ba      179.9900   2 
  19        Ti      Ba      O1      89.9993     2 
  20        Ti      Ba      O2      54.4724     2 
  21        Ti       Ba      Ba      89.9995   16 
  22        Ti       Ba      Ba      0.0005      8 
  23        Ba      Ti       Pr       90.0005   16 
  24        Ba      Ti      Ba       180.0000   4 
  25        O1      Ba     O2      35.5269     8 
  26        O1      Ba      Ba      44.9998   16 
  27        O1      Ba      Ba      89.9993     2 
  28        Ba      O1      Pr       60.1612   12 
  29        Ba      O1      Ba      90.0000     8 
  30        Ba      O1      Pr       119.8396   4 
  31        Ba      O1      Ba      179.9899   2 
  32        O2      Ba      Ba      54.8670   12 
  33        O2      Ba      Ba      54.4724     2 
  34        Ba      O2      Pr       54.8670   12 
  35        Ba      O2      Ba      70.2651     4 
  36        Ba      O2      Pr       125.1330 12 
  37        Ba      O2      Ba      108.9457   2 
  38        Ba      O2      Ba      71.0543     2 
  39        Ba      O2      Ba      109.7349   4 
  40        Ba      O2      Ba      179.9774   1 
  41        Ba      Pr      Ba       180.0000   2 
  42        Ba      Ba      Ba      89.9995   24 
  43        Ba      Ba      O2     54.8679      4 
  44        Ba      Ba      Pr       45.2786     8 
  45        Ba      Ba      Pr       90.0007     4 
  46        Ba      Ba      Pr       44.7219     8 
  47        Ba      Ba     O2      54.4733      6 
  48        Ba      Ba      O1     90.0007      2 
  49        Ti       Pr      O1      90.0000      8 
  50        Ti       Pr      O2      90.0005      8 
  51        Ti      Pr      Pr         45.0002     8 
  52        Ti      Pr      Pr         90.0005     8 
  53        Ti      Pr      Ba        134.7214   8 
  54        Ti      Pr      Ti         180.0000   4 
  55        Ti      Pr      Pr         135.0002   8 
  56        Ti      Pr      Ba        45.2786     8 
  57        Ti      Pr      O1       90.0007      4 
  58        Pr      Ti      Pr         89.9995     4 
  59        O1      Pr    O2        45.2786     4 
  60        O1      Pr      Pr       60.1610   12 
  61        O1      Pr      Pr        45.2786    4 
  62        O1      Pr      O1       90.5567    4 
  63        Pr      O1      Pr        59.6781    8 
  64        Pr      O1      Ba      119.8390  12 
  65        Pr      O1      Pr        89.4433    4 
  66        O2      Pr      Pr        45.0002    8 
  67        O2      Pr      Pr        180.0000  2 
  68        O2      Pr      Ba       90.0000    8 
  69        O2      Pr      O1      45.2781    4 
  70        O2      Pr      Ba       89.9993    4 
  71        Pr      O2      Pr        89.9995    4 
  72        Pr      O2      Ba       125.1321   4  
  73        Pr      O2      Pr        180.0000  2 
  74        Pr      O2      Ba       54.8679     4 
  75        Pr      Pr       Pr        45.0002     8 
  76        Pr      Pr       Ba     119.8390   12 
  77        Pr      Pr       Pr        90.0000     4 
  78        Pr      Pr       Ba       90.0000     8 
  79        Pr      Pr       O1      45.2781     4 
  80        Pr      Pr       Ba       89.9993     4 
  81        Ba      Pr      Ba       179.9759   2 
  82        Pr      Ba      O1     60.1610     12 
  83        Pr      Ba      O2     35.1328     12 
  84        Pr      Ba      Ti       44.7219     8 
  85        Pr      Ba      Ba       90.0000     8 
  86        Ti      Pr       O1     89.9993       4 
  87        Pr      Pr       O1     60.1604      4 
  88        Pr      Pr       Ba     60.1604       4 
  89        Pr      O1     Ba      60.1604       4 
  90        Ti      Ba      O2     54.4733       6 
  91        Ti      Ba      O1     90.0007       2 
  92        Ba      O1    Ba      179.9796     2 
  93        O1      Ba    Ti       90.0000       4 
  94        O1      Ba    Ba      90.0000       4 
  95        O2      Pr     Pr       0.0003        2 
  96        Ba      O2      Ba   108.9453      2 
  97        Ba      O2      Ba    70.2655       4 
  98        Ba      O2      Ba    109.7345     4 
  99        Ba      O2      Ba     71.0547      2 
  100      Ba      O2     Ba      180.0000    3 
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  101      Ba      Pr      Ba      179.9862    2 
 
 
 
4.2.2.6 Conclusion: 
 
The Rietveld refinement of Ba1-xPrxTiO3 ceramics for x = 0, 0.001 shows that all the 
figure of merit parameters, the average crystallite size, r.m.s. microstrain and the lattice 
parameters follow a peculiar trend. All the above parameters changes non-linearly and 
are closely related and follows a wavy nature with increasing doping concentration of 
praseodymium to BaTiO3. At last we get a clear picture of the crystal structure of 
Ba0.999Pr0.001TiO3 ceramics in terms of positions of the different atoms, bond lengths and 
bond angles. 
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4.2.3 Results and discussions of Ba1-xDyxTiO3 ceramics 
 
Fig. 4.13 (a): Refined structure of Ba1-xDyxTiO3 ceramics for x=0.01 
 
 
Fig. 4.13 (b): Refined structure of Ba1-xDyxTiO3 ceramics for x=0.025 
 
 
Fig. 4.13 (c): Refined structure of Ba1-xDyxTiO3 ceramics for x=0.05 
 
 
 
Fig. 4.13 (d): Refined structure of Ba1-xDyxTiO3 ceramics for x=0.075 
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In the above Fig. 4.13(a-d), the dots represent observed and solid lines represents the 
calculated intensities on the same scale. The tick marks indicates the calculated positions 
of Bragg peaks. 
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Fig. 4.14: Composition vs. r.m.s. strain of   Ba1-xDyxTiO3 ceramics 
 
 
Fig.4.14 represents the variation of r.m.s. strain of BaTiO3 ceramics due to the 
substitution of Dy. The figure indicates that, the change in r.m.s. strain due to the 
substitution of Dy decreases suddenly and from x = 0.025, it remains same. There is no 
change in microstrain. But, due to the substitution of Dy the average crystallite size of 
BaTiO3 ceramics gets changed. The crystallite size increases suddenly and remains 
constant at 789.95 nm. Fig. 4.15 represents the change in crystallite size (nm) due to the 
substitution of Dy. The variation of crystallite size with different % of Dy substitution 
shows a peculiar trend. First, it increases rapidly for x= 0.01, and remains the same for all 
other composition. 
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Fig. 4.15: Composition vs. crystallite size of   Ba1-xDyxTiO3 ceramics 
 
 
Fig 4.16 shows the variation of lattice parameters due to the substitution of Dy with the 
BaTiO3 ceramics. The lattice parameter a, b and c of all the samples first increase, and  
then remain same (Table 4.9). Or, in other words, c/a ratio is >= 1, i.e. the material is 
more dense. The lattice strain changes non-linearly. The decreased value of r.m.s. strain 
may be due to the different contributions of crystallite-size effect, improper diffusion of 
doping material, and agglomeration of ceramics with the doping material. Crystallite 
sizes and lattice strains of all the phases are found to be isotropic in nature. All the 
refined parameters including RB, Rp and Rwp are also mentioned in Table 4.9 and these 
values are always more than that of the virgin BaTiO3 for all the samples.  
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Fig. 4.16: Composition vs. lattice parameters of   Ba1-xDyxTiO3 ceramics 
 
 
 
 
Table 4.9 Figure of merit for Ba1-xDyxTiO3 ceramics 
 
Sample    Refined parameters                     Lattice parameters(nm)   Crystallite    r.m.s. strain 
                                                                                                                     size (nm) 
 Rwp    Rp     Rwpb   Rpb    GOF      a            b             c        (Dv)               ε x10-3 
I      0.768    0.671    0.812    0.698   0.24     0.146    0.146    1.625     789.95         0.254 
II     0.848    0.790    0.871    0.795   0.25     0.148    0.148    1.950     789.95         0.237 
III    0.831    0.769    1.132    0.926   0.26     3.305   3.305     2.161     789.95         0.237 
IV    0.862    0.807    1.148    0.934   0.23     3.305   3.305     2.161     789.95         0.237    
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4.2.3.1 Generated structure of Ba1-xDyxTiO3 ceramics 
 
Based on the above consideration, theoretically we can predict the structure of the 
praseodymium-modified BaTiO3 as shown in Fig 4.17, with different bond lengths 
(Table-4.14)and bond angles (Table-4.15) and generated positions (Table-4.13), with 
initial data a = b = 1.4574A  and c = 16.2498 A  with SGN 123, P4MM, H-M 
Tetragonal symmetry for x = 0.01. 
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Fig. 4.17: Generated structure of the Ba1-xDyxTiO3 ceramics 
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4.2.3.2 The unit cell 
O1
2.8242
2.8398
O2
3.4717
1.9970
Ba
2.0190
2.8398
Dy
1.9970
Ti
PowderCell 2 .0
 
 
Fig. 4.18: Unit cell of the Ba1-xDyxTiO3 ceramics 
 
4.2.3.3 Generated positions of Ba1-xDyxTiO3 ceramics 
 
Table: 4.13 Generated positions of Ba1-xDyxTiO3 ceramics 
 
No   name       crystal coordinates          cartesian coordinates  
                       x           y             z             x             y             z   
  1     Ba     0.0000   0.0000   0.0000    -1.9970  -1.9970  -2.0190 
  2     Ti      0.0000   0.0000   0.5000    -1.9970  -1.9970   0.0000 
  3     O1    0.5000   0.5000   0.0000     0.0000   0.0000   -2.0190 
  4     O2    0.5000   0.5000   0.5000     0.0000   0.0000    0.0000 
  5     Dy    0.0000   0.5000   0.5000    -1.9970   0.0000    0.0000 
  6     Dy    0.5000   0.0000   0.5000     0.0000  -1.9970    0.0000 
 
4.2.3.4 Bond lengths of Ba1-xDyxTiO3 ceramics 
 
Table: 4.14 Bond lengths of Ba1-xDyxTiO3 ceramics 
 
No     atom1   atom2   distance   quant 
  1         Ba      Ti          2.0190       8 
  2         Ba      O1        2.8242       8 
  3         Ba      O2        3.4717       8 
  4         Ba      Dy        2.8398      16 
  5         Ba      Ba        3.9940       8 
  6         Ba      Ba        4.0380       4 
  7         Ti      Dy        1.9970       8 
  8        O1     Dy         2.8398       8 
  9        O2     Dy         1.9970       4 
 10      Dy     Dy         2.8242        4 
 11      Dy     Dy         3.9940        2 
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4.2.3.5  Bond angles of Ba1-xDyxTiO3 ceramics 
 
Table: 4.15 Bond Angles of Ba1-xDyxTiO3 ceramics 
 
No     atom1   atom2   atom3   angle     quant 
  1         Ti       Ba        O1     89.9993     2 
  2         Ti       Ba        O2     54.4388     6 
  3         Ti       Ba        Dy     44.6859    16 
  4         Ti       Ba        Ba      89.9995   16 
  5         Ti       Ba        Ba       0.0005     8 
  6         Ba      Ti         Dy      90.0005   16 
  7         Ba      Ti         Ba      180.0000   4 
  8        O1      Ba        O2      35.5605     8 
  9        O1      Ba        Dy      60.1810    4 
  10      O1      Ba        Ba      44.9998    16 
  11      O1      Ba        Ba       89.9993    2 
  12      Ba       O1       Dy    60.1818      12   
  13        Ba      O1      Ba     90.0000      8 
  14        Ba      O1      Dy    19.8190      4 
  15        Ba      O1      Ba     179.9722    2 
  16        O2      Ba      Dy     35.1154     4 
  17        O2      Ba      Ba      54.8839   12 
  18        O2      Ba      Ba      54.4388     6 
  19        Ba      O2      Dy     54.8839   12 
  20        Ba      O2      Ba      70.2313     4 
  21        Ba      O2      Dy    125.1161   12 
  22        Ba      O2      Ba     108.8785    2 
  23        Ba      O2      Ba      71.1215     2 
  24        Ba      O2      Ba      109.7687   4 
  25        Ba      O2      Ba      180.0000   1 
  26        Dy      Ba      Dy      59.6364    2 
  27        Dy      Ba      Ba      89.9993     4 
  28        Dy      Ba      Ba      45.3136    16 
  29        Dy      Ba      Ba      44.6859    16 
  30        Ba      Dy      Ti       45.3136    16 
  31        Ba      Dy      O1     59.6372    12 
  32        Ba      Dy      O2      90.0007    4 
  33        Ba      Dy      Dy      60.1818    12 
  34        Ba      Dy      Dy      90.0007    4 
  35        Ba      Dy      Ba      89.3723     8 
  36        Ba      Dy      Ti      134.6864   16 
  37        Ba      Dy      Dy     119.8190   4 
  38        Ba      Dy      Ba      90.6277     8 
  39        Ba      Dy      O1      120.3636   4 
  40        Ba      Dy      Ba      179.9755   2 
  41        Ba      Dy      Ba      179.9853   2 
  42        Ba      Ba      Ba      89.9995     24 
  43        Ba      Ba      O2      54.8848     4 
  44        Ba      Ba      Dy      90.0007     4 
  45        Ba      Ba      O2      54.4397     2 
  46        Ba      Ba      O1      90.0007     2 
  47        Dy      Ti      Dy       89.9995    4 
  48        Ti      Dy      O1       90.0000    8 
  49        Ti      Dy      O2       90.0005    8 
  50        Ti      Dy      Dy       45.0002    8 
  51        Ti      Dy      Dy       90.0005    8 
  52        Ti      Dy      Ti       180.0000    4 
  53        Ti      Dy      Dy      135.0002   8 
  54        Ti      Dy      O1       90.0007    4 
  55        Ti      Ba      O2       54.4397     2 
  56        Ti      Ba      O1       90.0007     2 
  57        Dy      O1      Dy     59.6369     6 
  58        Dy      O1      Ba    119.8185    12 
  59        Dy      O1      Dy   89.3723       4 
  60        O1      Dy      O2   45.3141       8 
  61        O1      Dy      Dy   60.1815     12 
  62        O1      Dy      Dy     45.3141     8 
  63        O1      Dy      Ba     120.3631   12 
  64        O1      Dy      O1      90.6277    4 
  65        Ba      O1      Ba     180.0000    2 
  66        O1      Ba      Dy     60.1815     12 
  67        O1      Ba      Ti      90.0000      4 
  68        O1      Ba      Ba      90.0000     4 
  69        Dy      O1      Dy     59.6364     2 
  70        Dy      O1      Ba     60.1810     4 
  71        O1      Dy      Dy     60.1810     4 
  72        O1      Dy      Ba     59.6364     4 
  73        O1      Dy      Ti      89.9993     4 
  74        Dy      O2      Dy     89.9995     4 
  75        Dy      O2      Ba     125.1152   4 
  76        Dy      O2      Dy    180.0000    2 
  77        Dy      O2      Ba     54.8848     4 
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  78        O2      Dy      Dy     45.0002     8 
  79        O2      Dy      Dy    180.0000    2 
  80        O2      Dy      Ba     90.0000     8 
  81        O2      Dy      Ba     89.9993     4 
  82        O2      Dy      Dy    0.0003        2 
  83        Ba      O2      Ba     108.8781    2 
  84        Ba      O2      Ba      70.2317     4 
  85        Ba      O2      Ba      109.7683   4 
  86        Ba      O2      Ba      71.1219     2 
  87        Ba      O2      Ba      179.9811   2 
  88        O2      Ba      Dy      35.1159    12 
  89        Ba      O2      Ba      179.9895   1 
  90        Dy      Dy      Dy      45.0002    8 
  91        Dy      Dy      Ba     119.8185   12 
  92        Dy      Dy      Dy     90.0000    4 
  93        Dy      Dy      Ba      90.0000    8 
  94        Dy      Dy      Ba      89.9993    4 
  95        Ba      Dy      Ba      179.9693   2 
  96        Dy      Ba      Dy      59.6372    6 
  97        Dy      Ba      Ba       90.0000    8 
  98        Dy      Dy      Ba      60.1810    4 
  99        Ba      Dy      Ba      179.9764   2 
 
 
4.2.3.6 Conclusion: 
The Rietveld refinement of Ba1-xDyxTiO3 ceramics for x =  0.01 shows that all the figure 
of merit parameters, the average crystallite size, r.m.s. microstrain and the lattice 
parameters follow a peculiar trend. Initially they decreases and thereafter remains 
constant. It seems that after certain range the crystallite size and strain has no change and 
remain same and are independent. At last we get a clear picture of the crystal structure of 
Ba0.99Dy0.01TiO3 ceramics in terms of position of the different atoms, bond lengths and 
bond angles. 
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SEM and EDX Analysis 
 
5.1 Green body formation and its theory 
Amongst the different stages of ceramic processing, green-body formation from the 
monosized sub-micron powder into a well-compacted shape is of great concern.; for this  
the following assumptions are considered: (i) the nature of the attractive forces between 
the particles, (ii) sphere diameter, and (iii)surface energy, i.e. p=
r
   , where ψ is the 
factor that reflects the shape and ψ = 2 for a sphere and  is the surface energy. 
 
A summation of the attractive forces for a solid occupying a volume with different 
degrees of packing and space occupancy is the strength of the green body. If the solid 
volume fraction is , then the strength is given by 
                                                
212)1(
1.1
rl
A
                                                           ….(1) 
Eq. (1)  is called Rumpf equation and it predicts: (i) small  produces poor green 
strength, (ii) the importance of very fine particle size because of the inverse dependence 
on particle radius r, and (iii) the importance of applied pressure which ensures small l 
values and hence high green strength. So, Rumpf equation is useful in indicating 
important parameters in ceramics processing, 
 
The Kawakita equation expresses the relationship between compaction C and pressure P 
as, 
                                                            
0
0
V
VV
C  
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Or                                                         
bP
abP
C
1
                                                     ….(2)                                                          
where C is compaction, V0 is original volume of powder,  V is volume at pressure P and  
a and b are constants. 
 
Eq.(2) gives 
 
                                                           
ab
bP
C
P 1
 
Or                                                    
a
P
abC
P 1
                                                       ….(3) 
The constant a is related to initial porosity and b is related to particle hardness. Eq (3) is 
closely related to the Cooper and Eaton equation relating compaction to compacting 
pressure. Cooper and Eaton equation at high pressure, where the granule voidage is under 
attack, is given by, 
 
                                                    V* = ax e
PK /                                                            …(4) 
 
where V* = fractional compaction, 
            ax = a1 + a 2 ,    and  
            K is a new constant. 
  
At high pressure, higher order terms after P
2 
can be neglected. So we can write 
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K
P
K
P
aV
1
**                                                     …. (5) 
Comparing Eq (5) with Cooper and Eaton equation, Kawakita’s constant b is found out to 
be 1/K. 
 
Sintering is an irreversible process in which the free energy decrease is brought about  by 
a decrease in surface area. By observing the characteristic phenomenon as the changes 
take place from green compact to dense body, the entire process has been divided into 
three stages. During the initial stage, inter-particle contact area increases with time, sharp 
reentrant angles at the point of contact are rounded off, and the powder particle centers 
approach each other. During intermediate stage, nearly all the pores are interconnected, 
but with time they decrease in volume and subsequently the pores become broken into 
isolated pores. During the final stage, grains grow and grain boundary area decreases 
with time, and isolated pores decrease in volume resulting in increase in density. 
 
Different factors influencing material movement during sintering are: particle size and 
shape, temperature, the composition of the system with reference to atmosphere and to 
additives, and pressure (which is avoided wherever possible). 
 
Effective forces for sintering are as follows; 
1. Macroscopic driving force: This is the free energy decrease that occurs when a 
substantial area of the original powder-vapor interface is removed. The energy is reduced 
by an amount equal to the original surface energy of the powder; 
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rmass
energy
U
3
,  where  is specific surface work and  is density. 
A little modification of this relation throws light that sintering cannot be improved by 
increasing the driving force as particle size cannot be reduced to atomic dimension.  
 
2. Microscopic driving force: Compact green body does increase its density on firing. 
From the earliest stage of the heating process, curvatures are changed and pores decrease 
their radii. The effect of curvature on the vacancy concentration defines a driving force 
on the microscopic scale. This driving force is due to the pressure difference that exists at 
equilibrium across a curved surface. 
 
The general form of the microscopic driving force for sintering is 
r
P , where =1 
for cylindrical shape and =2 for a sphere. The pulling pressure is calculated from the 
above equation and is responsible for the movement of the atoms, molecules or ions in 
the system leading to densification. 
 
3. Surface diffusion: Surface diffusion consumes macroscopic driving force without 
providing densification. Atoms or ions on the surface of each sphere move along the 
surface into the small curvature region where the spheres meet and build up the neck 
area. Thus, this process leads to consolidation as the neck area increases, but does not 
move structural units from between the centers of the two spheres, so there is no 
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shrinkage. Thus, this case is vital for surface area reduction rather than shrinkage or 
densification. 
 
Increase in surface diffusion coefficient will hinder the diffusion mechanism. Very fine 
particles will favour rapid neck formation according to the fourth power relationship, i.e.    
                                   
                                                    
SD
SD
D
kTd
t
4
                                              ….(6) 
where, SDD  is surface diffusion coefficient, SDt  is the time for densification,  is 
proportionality constant, k  is Boltzmann’s constant, T  is absolute zero temperature,  
is thickness of the surface, and = atomic volume. 
 
4. Evaporation and condensation: This is the gaseous phase where atoms are removed 
from the spheres towards the sharp curvature of the contact region. No material is moved 
from between the particle centers and hence no shrinkage occurs. Low vapor pressure 
conditions are inferred so that the mean free path of the species in the gas phase is long 
compared to the surface-to-neck distance. 
In this mechanism, the square of the particle diameter is related to the time required to 
form necks without densification, and relatively large particles favor evaporation-
condensation. The following equation also says that there is a linear relationship between 
tln   and dln :   
                                                       
yx
EC
AA
RTdn
t
224
                                             ….(7) 
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where, xA and yA  are the elements of area on the sphere and near the neck respectively, 
R is the rate of evaporation per unit area and n is the radius of action. Other symbols have 
their usual meaning. 
 
5. Material flux: Material flux during sintering depends upon the number of atoms 
crossing the area, chemical potential gradient, drift velocity, atomic volume and the 
surface area as, 
                                                           
JA
V
t                                                            ….(8)  
where, t is the time required to achieve a given degree of densification, V is the drift 
velocity, J is the flux and A  is area. 
 
After these processes, we get a green ceramic body 
 
The shape of the grains can be statistically quantified by dimensionless ratios called 
shape factors. The shape factor ratios include axial lengths, areas, perimeters and 
moments of grain shapes. Aspect ratio is the ratio of the largest diameter of a grain to the 
smallest diameter and is given by 
                                                             
RA =
S
L
d
d
                                                           ….(9) 
where 
RA  is the aspect ratio, Ld  is the diameter of the largest grain and Sd  is the 
diameter of the smallest grain. This ratio is normalized and presented in Table-1. 
Roundedness of the grain relates the area of a grain to its perimeter and is given by 
                                                           
2
4
P
A
R                                                           ….(10) 
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where R is the roundedness, A is the area of the grain and P is the perimeter of the grain 
 
 
 
5.2 SEM morphology and EDX elemental analysis  
 
5.2.1 Results and discussion of Ba1-xCaxTiO3 ceramics 
It is well known that Ba1-xCaxTiO3 ceramics are tetragonal. Here we adopt crystal 
structure of tetragonal symmetry in space group p4mm with a= b=3.990Aº and c= 
4.03Aº. The purpose of this work is to determine the effect of Ca on barium titanate. The 
microstructure of Ba1-xCaxTiO3 ceramics was investigated by Scanning Electron 
Microscope (SEM). Fig.5.1shows the micrographs of the Ba1-xCaxTiO3 ceramics, while 
Fig. 5.2 shows the EDX spectra of Ba1-xCaxTiO3 ceramics 
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Fig. 5.1: Microstructure of  Ba1-xCaxTiO3 ceramics for (a) x=0, (b) x=0.05, (c) x= 0.1, (d) x=0.2, (e) x=0.25, 
(f) x=0.3, (g) x=0.4 and (h) x=0.5. 
 
 
 
a b c 
d e f 
g h 
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Fig. 5.2 : EDX  spectra of Ba1-xCaxTiO3 ceramics for (a) x=0, (b) x=0.05, (c) x= 0.1, (d) x=0.2, (e) x=0.25, 
(f) x=0.3, (g) x=0.4 and (h) x=0.5 
 
 
  In this paper, ceramography is used to quantify the grain size and shape. The grain size 
and other microstructural characteristics are all dependent on the processing conditions 
and methods used to fabricate the ceramic. The mean diameter of the grains in a 
microstructure can be defined as the diameter of a circle with the same area as the mean 
grain area in a ceramographic cross section. Other techniques used for the measurements 
are Martin, Feret and Nassenstein measurement method. Theory says that a specimen 
measured by all the above methods is likely to have different grain size because the 
methods do not measure the exact same thing. Fig. 5.3 shows that the grain size increases 
as the doping concentration increases and again decreases beyond x=0.1 upto x=0.4, and 
for x=0.5 again increases. 
 
Chapter-V                                                                                                    SEM and EDX Analysis 
 158 
The shape of the grains can be statistically quantified by dimensionless ratios called 
shape factors. The shape factor ratios include axial lengths, areas, perimeters and 
moments of grain shapes. Aspect ratio is the ratio of the largest diameter of a grain to the 
smallest diameter and is given by 
                                                                
RA =
S
L
d
d
                                                        ….(9) 
where 
RA  is the aspect ratio, Ld  is the diameter of the largest grain and Sd  is the 
diameter of the smallest grain. This ratio is normalized and presented in Table-5.1. 
Fig. 5.4 shows that the aspect ratio of the doped ceramics increases slowly with 
increasing doping concentration of Ca
2+ 
,
 
being maximum at x=0.25 , and then decreases, 
and subsequently increases from x=0.4 onwards. 
 
Roundedness of the grain relates the area of a grain to its perimeter and is given by 
                                                            
2
4
P
A
R                                                          ….(10) 
where R is the roundedness, A is the area of the grain and P is the perimeter of the grain 
[1]. The roundedness is normalized between zero and one and is presented in Table-5.1. 
Fig. 5.4 further shows that the roundedness is maximum for x=0.1, then decreases for 
x=0.2 and further increases for x=0.25, and finally it goes on decreasing from x=0.3 
onwards. Here it can be ascribed that the solid solubility limit plays a role for determining 
the aspect ratio and the roundedness of the grains. 
 
 
 
Chapter-V                                                                                                    SEM and EDX Analysis 
 159 
0.0 0.1 0.2 0.3 0.4 0.5
2
4
6
8
10
G
ra
in
 s
iz
e
 (
m
)
Composition
 
 
 
                                                                                                               
Fig. 5.3: Composition vs. grain size 
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Fig. 5.4: Composition vs. Shape factor 
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Fig. 5.5: Composition vs. share % 
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Fig.5.6: Composition vs. weight % 
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The total number of objects of the ceramics and the share % were calculated using image 
analyzer. From the study, it is seen that the share % is nearly the same as that of pure 
barium titanate for x=0.2, and for x= 0.05 and x=0.4, it is less than that for pure barium 
titanate. For all other compositions i.e. x=0.1, 0.25, 0.3 and 0.5, it is more than that for 
pure barium titanate. The share % variation is shown in the fig. 5.5. Similarly, the total 
no. of objects in the modified ceramographs are found to be approximately the same as 
that of the pure barium titanate; however, for x=0.05 the total number of objects is 
extraordinarily higher than that for pure barium titanate, and for x= 0.1 it is very low. 
Thus, the Ca-modified BaTiO3 shows a very interesting behavior in terms of the total 
number of objects and share %. Both of these are related to the compactness and strength 
of the ceramics.  
Table-5.1: Microstructure analysis data of Ba1-xCaxTiO3 ceramics 
Sample  composition Mean 
dia. 
(um) 
AR R Total no. 
of objects 
Share 
% 
(Ba+Ca)/Ti 
I x=0 3.26 0.67 0.92 261 90.99 1.32 
II x=0.05 6.49 0.77 0.90 1491 80.41 1.48 
III x=0.1 10.23 0.78 0.94 63 97.7 1.19 
IV x=0.2 6.93 0.74 0.90 388 89.12 1.28 
V x=0.25 5.05 0.99 0.92 238 94.93 1.28 
VI x=0.3 4.20 0.89 0.80 156 95.77 1.18 
VII x=0.4 1.81 0.93 0.72 340 84.1 1.17 
VIII x=0.5 3.01 0.96 0.70 213 92.33 1.14 
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Table-5.2 shows the relation between the theoretical wt% and EDX spectra wt% of 
different elements of various compositions of Ba1-xCaxTiO3 ceramics. It is observed that 
both the wt% are more or less the same with a little variation. Similarly Fig. 5.6 gives a 
relation between the various compositions and wt% of the different element in the Ba1-
xCaxTiO3 ceramics.   
Table-5.2: Elemental analysis of Ba1-xCaxTiO3 ceramics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
Composition  Element  Theoretical Wt % EDX spectra Wt 
% 
X=0  
Ba 
58.89 65.03 
Ti 20.52 17.17 
O 20.58 17.80 
Ca 0 0 
X=0.05 Ba 57.14 61.79 
Ti 20.96 15.36 
O 21.02 21.92 
Ca 0.87 0.93 
X=0.1 Ba 55.30 56.84 
Ti 21.42 18.26 
O 21.48 23.37 
Ca 1.79 1.53 
X=0.2 Ba 51.40 53.19 
Ti 22.39 16.92 
O 22.46 27.34 
Ca 3.75 2.54 
X=0.25 Ba 49.31 55.40 
Ti 22.92 19.50 
O 22.98 20.44 
Ca 4.80 4.66 
X=0.3 Ba 47.12 46.57 
Ti 23.46 19.76 
O 23.53 27.75 
Ca 5.89 5.91 
X=0.4 Ba 42.41 45.24 
Ti 24.64 22.46 
O 24.71 23.48 
Ca 8.25 8.82 
X=0.5 Ba 37.20 37.75 
Ti 25.93 21.56 
O 26.00 31.13 
Ca 10.86 9.56 
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Porosity, which can be considered as a secondary phase, indicates the degree of 
densification of a ceramic. Porosity decreases strength, because pores reduce the true 
cross section area of a member and also pores act as stress-concentrating notches. In this 
study, we found that the porosity of all the specimens is less than 8% (approx.), which 
means that the pores are discrete and match with the porosity thumb rule. 
 
The euhedral microstructure of the ceramics is similar to the shape of the Bravais lattice 
cell and is clearly observed in the Fig. 5.1. The dense and uniform micrographs are 
clearly seen in all samples and the grain size is large. Fig. 5.1. shows the morphology of 
the sintered BCT ceramics. The primary particles were round-shaped with uniform size 
for BaTiO3  as shown in Fig.5.1 (a). Porosity is almost negligible. It was reported that the 
driving forces for densification and grain growth are comparable in magnitude, both 
being proportional to the reciprocal grain size. The compositional EDS analysis shows 
that the consistence decreases in the atomic concentration ratios of (Ba+Ca)/Ti value as 
the doping concentration of Ca increases from x=0 to x=0.3 except for x=0.15. This 
deviation may be due to some Ca
2+
 replacing Ti
4+  
instead of Ba
2+  
in this ceramic[2]. 
Since the ion radius for Ca
2+
 is much larger than that of Ti
4+  
, Ca
2+
 replacing Ti
4+    
in the 
octahedral sites of the perovskite structure will cause a localized expansion of the unit 
cell, and result in a lattice distortion.[3]. 
 
5.2.1.1 Conclusion: 
The euhedral microstructures are clearly seen in the micrograph. The analysis shows that 
the grains are almost equaxed. The roundedness and the aspect ratios of almost all the 
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samples are found to be closer to one for the largest grain. The grain size shows very 
interesting behavior e.g. it increases as the doping concentration increases and again 
decreases beyond x=0.1, upto x=0.4, and for x=0.5 the grain size again increases. The 
EDX analysis shows that, for all the doping concentration, the theoretical wt% of the 
elements is more or less the same with the wt% calculated from the EDX spectra. This 
shows a consistency of the elemental wt% present in the green ceramics. 
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5.2.2   SEM and EDX analysis of Ba1-xPrxTiO3 ceramics 
Since the discovery of high dielectric properties of BaTiO3 ceramics, many investigators 
have tried to modify this compound by different means in order to achive stable 
capacitors with satisfactory operational capacity [4-9]. 
 
 The main use of rare earths in electronic ceramics is for capacitor materials. Capacitors 
are a large family. Here capacitor means multilayer ceramic capacitors (MLC). Rare earth 
oxide is one of the most important additives to BaTiO3 based dielectrics in MLC 
manufacturing with base metal electrode [10, 11]. However little research has been 
focused on the BaTiO3 system doped with various rare earth elements. The most widely 
used ceramic material is barium titanate whose Curie temperature is within the working 
temperature range (-55 to + 125 C) [12, 13]. Consequently the dielectric constant, K, is 
not steady in this temperature range. For the precision capacitor range with low K (30 - 
60) light RE-compounds (lanthanum, cerium, praseodymium, neodymium) are added 
with other ingredients such as TiO2 in order to obtain a very stable K. Another RE effect 
is an increase in the capacitor life. In this paper, the influence of rare earth element 
(praseodymium) in BaTiO3 and its microstructure was investigated. 
 
5.2.2.1 Result and Discussion of Ba1-xPrxTiO3 ceramics 
The SEM micrographs of Pr doped BaTiO3 for x= 0, 0.001.0.002, 0.003 and 0.004 were 
shown in Fig.5.7. The images were obtained to collect the information about grain size, 
shape and the degree of powder agglomeration. SEM figure shows the microstructure of 
the surface of the pellets. The grains were in micrometer range, with an irregular, dense 
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morphology and the powder was not  agglomerated. The EDX spectra of Pr doped 
BaTiO3 for x= 0, 0.001.0.002, 0.003 and 0.004 were shown in Fig.5.8. Through EDX 
analysis, we confirmed the presence of Ba, Pr, Ti and O atoms in BPrT ceramics in 
almost the same proportion in the prepared materials. Hence from the above experimental 
analysis, we confirmed that the material is formed with high purity. 
 
 
 
 
 
 
 
 
Fig.5.7: Microstructure of Pr doped BaTiO3 ceramics, (a)0%Pr,  (b) 0.1% Pr, (c) 0.2% Pr, (d) 0.3%Pr and 
(e)0.4%Pr.                       
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Fig. 5.8: Compositional analysis of Pr doped BaTiO3 ceramics, (a) 0% Pr, (b) 0.1% Pr, (c) 0.2% Pr, (d) 
0.3%Pr and (e) 0.4%Pr         
 
From the fig 5.9 it is seen that, the grain size of the raw barium titanate (BT) was less. As 
the BT was modified with praseodymium the grain size first increases and then decreases 
but the grain size again increases after certain limit. It is observed that barium titanate 
substituted with 0.001 wt% of praseodymium has the largest grain size and when it is 
substituted with 0.003 wt% of praseodymium (Pr) has the smallest grain size. Thus we 
may say that, Pr act as grain growth inhibitor beyond certain limit.  
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                                     Fig 5.9:Composition vs. Grain size of Ba1-xPrxTiO3 ceramics 
 
Fig 5.10 explains the shape factor of Ba1-xPrxTiO3 ceramics. Here it is seen that, for some 
doping concentration the grains are found to be whisker and for some other it is equaxed. 
For 0.001 wt% of Pr doping the aspect ratio is minimum but roundedness is maximum, 
where as for 0.002 wt% of Pr doping the aspect ratio is maximum but roundedness is 
minimum. Fig 5.10 gives a helix like structure with AR and R. Fig 5.11 explains the 
elemental wt% present in the compound. Here it is observed that, the theoretical wt % 
and spectra wt % obtained from analysis more or less matches with a very little variation. 
A quantitative analysis of the Pr doped BaTiO3 ceramics is presented in the Table-5.3 and 
a comparision of the wt% of Ba, Pr, Ti and O element in different doping concentration is 
given in the Table- 5.4 
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Fig 5.10: Composition vs. Shape factor of Ba1-xPrxTiO3 ceramics 
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Fig. 5.11: Composition vs. Wt % of Ba1-xPrxTiO3 ceramics 
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Table -5.3: Ceramographic analysis of Pr doped BaTiO3 ceramics 
Sample composition Mean 
diameter 
in um 
AR R (Ba+Pr)/Ti 
I X=0 3.26 0.67 0.92 1.32 
II X=0.001 17.45 0.50 0.97 1.20 
III X=0.002 4.59 0.97 0.21 1.34 
IV X=0.003 1.68 0.83 0.87 1.38 
V X=0.004 2.13 0.76 0.75 1.35 
             
         Table – 5.4: Elemental analysis of Pr doped BaTiO3 ceramics. 
Composition  Element  Theoretical 
Wt % 
EDX spectra 
Wt % 
X=0  
Ba 
58.89 65.03 
Ti 20.52 17.17 
O 20.58 17.80 
Pr 0 0 
X=0.001 Ba 58.83 56.42 
Ti 20.53 16.69 
O 20.58 25.76 
Pr 0.06 1.14 
X=0.002 Ba 58.77 64.07 
Ti 20.53 16.68 
O 20.58 19.30 
Pr 0.12 -0.06 
X=0.003 Ba 58.71 62.57 
Ti 20.53 15.99 
O 20.58 20.67 
Pr 0.18 0.77 
X=0.004 Ba 58.65 59.04 
Ti 20.53 15.19 
O 20.58 25.88 
Pr 0.24 -0.11 
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5.2.2.2 Conclusion 
The SEM images of BPT produced at this temperature were observed shriveled 
irregular particles with a smooth surface. The chemical compositions of the samples 
were checked by EDX analysis, which confirmed the high purity of the prepared 
samples. Results indicated that below the critical concentration of  Pr the substitution 
took place in the barium sublattice  with electronic compensation, and above the 
critical concentration, gradually the rare earth ions begin to substitute for titanium. 
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5.2.3 SEM and EDX analysis of Ba1-x DyxTiO3 ceramics 
5.2.3.1  Result and discussion Ba1-x DyxTiO3 ceramics   
      The SEM micrographs of Dy doped BaTiO3 for x= 0, 0.01.0.025, 0.05 and 0.075 were 
shown in Fig.5.12. The images were obtained to collect the information about grain size, 
shape and the degree of powder agglomeration. SEM figure shows the microstructure of 
the surface of the pellets. The formation of the green body ceramics and its related 
theories has been reported elsewhere [14]. 
 
Fig.5.12: Microstructure of Dy doped BaTiO3 ceramics, (a)0 % Dy,  (b) 0.01% Dy, (c) 0.025% Dy, (d) 
0.05% Dy and (e)0.075% Dy                
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The euhedral microstructure of the ceramics is similar to the shape of the Bravais lattice 
cell and is clearly observed in the Fig.5.12. The dense and uniform micrographs are 
clearly seen in all samples and the grain size is quite small compared to pure BaTiO3 , in 
the range of nano meter . The primary particles were round-shaped with uniform size for 
BaTiO3 as shown in Fig.5.12(a). Porosity is almost negligible. It was reported that the 
driving forces for densification and grain growth are comparable in magnitude, both 
being proportional to the reciprocal grain size. The grains were in the range of few 
hundreds of nano meter, with an almost round shape, dense morphology and the powder 
was not agglomerated. 
 
 
 The EDX spectra of Dy doped BaTiO3 for x= 0, 0.01.0.025, 0.05 and 0.075 were shown 
in Fig.5.13. The compositional EDS analysis shows that the atomic concentration ratios 
of (Ba+Dy)/Ti decreases gradually upto x = 0.05 and suddenly it increases for x = 0.075, 
as presented in Table-1. This shows the density for the x = 0.075 is more compared to the 
other samples. This deviation may be due to some Dy
3+
 replacing Ti
4+  
instead of Ba
2+  
in 
this ceramic[15]. Since the ion radius for Dy
3+
 is much larger than that of Ti
4+
, Dy
3+ 
replacing Ti
4+   
in the octahedral sites of the perovskite structure will cause a localized 
expansion of the unit cell, and result in a lattice distortion[13]. Through EDX analysis, 
we confirmed the presence of Ba, Dy, Ti and O atoms in dysprosium-substituted barium 
titanate (BDT) ceramics in almost the same proportion in the prepared materials. Hence 
from the above experimental analysis, we confirmed that the material is formed with high 
purity. 
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Fig. 5.13: Compositional analysis of Dy doped BaTiO3 ceramics, (a)0 % Dy,  (b) 0.01% Dy, (c) 0.025% 
Dy, (d) 0.05% Dy and (e)0.075% Dy                
 
 
In this paper, ceramography is used to quantify the grain size and shape. The grain size 
and other micro-structural characteristics are all dependent on the processing conditions 
and methods used to fabricate the ceramic. The mean diameter of the grains in a 
microstructure can be defined as the diameter of a circle with the same area as the mean 
grain area in a ceramographic cross section. Other techniques used for the measurements 
are Martin, Feret and Nassenstein measurement method. Theory says that a specimen 
measured by all the above methods is likely to have different grain size because the 
methods do not measure the exact same thing. 
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Figure 5.14. Composition Vs. grain size of  Ba1-x DyxTiO3 ceramics 
 
From Fig. 5.14 it is seen that, the grain size of the raw barium titanate (BT) was more. As 
the BT was modified with dysprosium, the grain size first decreases from 3.26 μm to 946 
nm and then slightly increases up to 964 nm but the grain size again decreases upto 
864nm after certain limit. It is observed that barium titanate substituted with 0.025 wt% 
and 0.05 wt % of dysprosium has the largest grain size (= 964 nm) and when it is 
substituted with 0.075 wt% of dysprosium,  has the smallest grain size (=864 nm). Thus 
we may say that, Dy act as grain growth limiter in BaTiO3.  
 
The shape of the grains can be statistically quantified by dimensionless ratios called 
shape factors. The shape factor ratios include axial lengths, areas, perimeters and 
moments of grain shapes. Aspect ratio is the ratio of the largest diameter of a grain to the 
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smallest diameter and is given by Eq. (9) and the normalized ratio is presented in Table-
5.5. Roundedness of the grain relates the area of a grain to its perimeter and is given by 
Eq.(10). The roundedness is normalized between zero and one, and is presented in Table-
5.5.  
 
Table-5-5 Microstructure analysis of Ba1-x DyxTiO3 ceramics 
Sample  Composition      Mean dia(μm)      AR         R       (Ba+Dy)/Ti 
I               x = 0               3.26              0.67     0.92      1.32 
II              x = 0.01          0.946           0.97     0.94       1.67 
III            x = 0.025         0.964           0.94     0.94       1.61 
IV            x = 0.05            0.964           0.95    0.94       1.59 
V             x = 0.075          0.864            0.91    0.91       1.74   
 
 
Fig. 5.15 explains the shape factor of Ba1-xDyxTiO3 ceramics. Here it is seen that, for all 
the doping concentration, the grains are found to be equaxed and spherical in shape. For 
0.01 wt% of Dy doping, both the aspect ratio and roundedness is maximum, where as for 
0.075 wt% of Dy doping both the aspect ratio and roundedness is minimum.  So, here we 
may say that, this difference may be due to the difference in grain size. Up to certain 
range say 900 nm to 950 nm the shape factor is maximum and when the grain size is 
below 900 nm again the aspect ratio and roundedness decreases. Though there is a 
variation in the shape factor, for all the compositions they are highly equaxed.  Fig. 5.15 
gives wave like structure with AR and almost a straight line for R. Here it can be assumed 
that the nano grains formation may plays a role in determining the aspect ratio and the 
roundedness of the grains. 
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Figure 5.15. : Composition vs. shape factor of  Ba1-x DyxTiO3 ceramics 
 
Porosity, which can be considered as a secondary phase, indicates the degree of 
densification of a ceramic. Porosity decreases strength, because pores reduce the true 
cross section area of a member and also pores act as stress-concentrating notches. In this 
study, we found that the porosity of all the specimens is less than 6% (approx.), which 
means that the pores are discrete and match with the porosity thumb rule. 
 
Fig. 5.16 explains the elemental wt% present in the compound. Here it is observed that, 
the theoretical wt % and EDX spectra wt % obtained from analysis more or less matches 
with a very little variation. A quantitative analysis of the Dy doped BaTiO3 ceramics is 
presented in theTable-5.5 and a comparison of the wt% of Ba, Dy, Ti and O element in 
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different doping concentration is given in the Table-5.6 from Table-5.6 it is seen that, the 
theoretical wt % and the experimental wt % of various elements in different compositions 
are in good agreement. 
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Figure 5.16 Composition vs. wt % of various elements of  Ba1-x DyxTiO3 ceramics 
Table -5.6. Elemental analysis of Ba1-xDyxTiO3 ceramics 
Composition  Element  Theoretical 
Wt % 
EDX spectra 
Wt % 
X=0  
Ba 
58.89 65.03 
Ti 20.52 17.17 
O 20.58 17.80 
Dy 0 0 
X=0.01 Ba 58.24 65.19 
Ti 20.50 13.76 
O 20.56 20.24 
Dy 0.70 0.81 
X=0.025 Ba 57.27 65.96 
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5.2.3.2 Conclusion: 
The SEM images of produced dysprosium-substituted barium titanate ceramics were 
observed highly euaxed particles with a smooth surface.  The roundedness and aspect 
ratios of all the samples are found to be closer to one. The chemical compositions of the 
samples were checked by EDX analysis, which shows a consistency of the elemental wt 
% present in the green ceramics, also confirmed the high purity of the prepared samples. 
The grain size shows very interesting behavior like for x = 0.01 it is less and for x=0.025, 
0.05 it increases , but further as the doping concentration increases i.e. x=0.075 it 
decreases and becomes minimum.  Results indicate that below the critical concentration 
of Dy the substitution took place in the barium sub-lattice with electronic compensation, 
Ti 20.74 14.52 
O 20.53 18.48 
Dy 1.74 1.04 
X=0.05 Ba 55.95 63.46 
Ti 20.52 14.10 
O 20.58 21.50 
Dy 2.94 0.94 
X=0.075 Ba 54.04 61.43 
Ti 20.36 13.07 
O 20.42 21.16 
Dy 5.18 4.34 
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and above the critical concentration, gradually the rare earth ions begin to substitute for 
titanium. 
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DIELECTRIC STUDIES OF MODIFIED BaTiO3 
CERAMICS  
6.1 Dielectric property 
Basically dielectrics are insulators as they do not have free electrons. They are used for 
the purpose of insulation or capacitors. The properties of dielectric changes when placed 
in an electric field. Electric field exerts a force pushing centre of +ve and –ve charges 
apart, then the dielectric is polarized.  
 
When a dielectric slab is placed in a static electric field, it acquires a surface charge. The 
polarization so induced arises from the alignment of electric dipoles (if present) and the 
displacement of positive and negative charges in the dielectric. For an isotropic, linear 
dielectric, the polarization vector P is proportional and parallel to the applied field vector 
E.  
For isotropic dielectrics ε and   are scalar quantities, which are dependent on the 
molecular properties of the dielectric. The dielectric constant is determined by the 
polarizability of the lattice.  
If,  p is the dipole moment and V is the volume, then dipole moment per unit volume 
V
p
 
= P called polarization. We know that, P α E, 
 
Or,                                        EP e 0                                                                      ….(1)                                                                                       
where εo is the permittivity of free space and  χe is the dielectric succeptibility 
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The net effect is to reduce the resultant electric field. So, Ep is the field due to 
polarization and εr  is the dielectric constant or relative permittivity and is the ratio of 
field in vacuum to the field in presence of dielectric. Or in otherwords we can write, 
                                                
2
2
0
1
0
4
4
r
q
r
q
E
E
r


                                                         ….(2)                                                                                  
Or,                                             
0

 r                                                                                                   
Or ,                                           0 r                                                                      ….(3)                                                                                              
As Eo > E implies  ε > εo or,     
0

 > 1 
So,                                              er  1                                                                                              …. (4)  
6.2  Electric flux density D: 
 This vector depends on the magnitude of the charge and the distance of separation and is 
defined as, 
                                                   
34
1
r
qr
D

  = 
34 r
qr


 
 
Or,                                              D=ε E                                                                       ….(5) 
 
Thus, from eq. (5) we get, 
                                                    D = εo εr E =  Ee )1(0    
 
                                                        = εo E+ εo χe E    = εo E + P 
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Or,                                                  D = εo E + P                                                          ….(6) 
 
where D is the displacement vector, E is the electric field and P is polarization 
                                                      PEEr  00   
Or,                                              EP r )1(0                                                           ….(7) 
                                                                                  
6.3  Dielectric measurement  
Dielectric constant or relative permittivity is defined as the ratio of the capacity of the 
capacitor without dielectric to capacity of the capacitor with dielectric i.e. 
                                                          
C
Cdia
r   
Or,                                                   
A
Cd
r
0
                                                                ….(8)                                                                                               
There will always be inertial and energy dissipation effects (losses) and these cause a lag 
in phase between E and the response of the material.  
Thus, if                                           CosEE 0 ωt                                                      ….(9) 
Then                                              CosDD 0 (ωt - δ)                                               ….(10) 
where δ is the loss angle. It is independent of 0E  but generally depends on frequency.                                                                                       
 
6.4  Frequency dependence of Polarisation 
Polarization occurs due to several atomic mechanisms. For example, let us consider an 
atom placed inside an electric field. The centre of positive charge is displaced along the 
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applied field direction, while the centre of negative charge is displaced in the opposite 
direction. Thus, a dipole is produced. When a dielectric material is placed inside an 
electric field, such dipoles are created in all the atoms inside. This process of producing 
electric dipoles, which are oriented along the field direction is called polarization in 
dielectrics. 
 
There are four different types of polarization namely, electronic (Pe), ionic (Pi), 
orientation or diolar (Po)and space charge polarization (Ps). 
 
Thus the total polarizability, Pt = Pe + Pi + Po + Ps  
6.4.1 Electronic polarization: This is due to the displacement of positively charged 
nucleus and negatively charged electron cloud of an atom in opposite direction. On 
application of electric field the negative electron cloud shifts to the no field direction. 
This results in a dipole moment in an atom. The extent of the shift is proportional to the 
strength of the field. The dipole moment is proportional to field strength, i.e. P α E or, P 
=  αe E, where αe is called the electronic polarizability. αe  increases with the volume of 
the atom and is independent of temperature. 
6.4.2 Ionic polarization: It is due to the shift of ions relative to other oppositely charged 
ions. This is also independent of temperature. The ionic contribution comes from the 
displacement and deformation of a charged ion with respect to other ions, i.e. ionic 
polarization is due to displacement of ions over a small distance due to the applied field. 
Since ions are heavier than electron cloud, the time taken for displacement is larger. The 
frequency with which ions are displaced is of the same order as the lattice vibration 
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frequency (~10
13
 Hz). This means that for optical frequency the ions do not respond, as 
the time required for lattice vibrations is nearly 100 times larger than the period of 
applied voltage at optical frequency. Hence, at optical frequencies, there is no ionic 
polarization. 
6.4.3 Orientation (dipolar) polarization: Sometimes the molecule carries dipole 
moment in the absence of the electric field. But, the dipole moments are random. With 
the application of electric field, the dipole moments are aligned in the field direction. 
E.g., the centre of positive and negative charges do coincide in CH4.  But in CH3Cl, they   
do not coincide. Because the electro-negativity of chlorine is more than that of hydrogen 
atom, so the chlorine atom pulls the bonding electrons more strongly than hydrogen 
atom. Thus, the centre of positive and negative charges do not coincides and this gives 
rise to orientation polarization. This polarization is dependent on temperature. 
6.4.4 Space charge polarization: Space charge polarization is the slowest process, as it 
involves the diffusion of ions over several interatomic distances. The relaxation time for 
this process is related to the frequency of successful jumps of ions under the influence of 
the applied field, a typical value being 10
2
 Hz. Space charge polarization is due to the 
accumulation of charges at the electrodes or at the interface between the multiphase 
material. Space charge polarisation occurs at lower frequencies (50 – 60 Hz). Consider a 
dielectric medium placed between two electrodes. When no field is applied to the 
electrodes, the positive and negative charges are not separated and there are fixed number 
of charges. On the other hand, when an electric field is applied, the charges are separated. 
The positive charges are accumulated near the negative electrode. Therefore, a dipole 
moment is induced due to displacement of ions. Then, the induced dipole moment per 
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unit volume gives the induced polarisation. This polarisation is also known as interfacial 
polarisation. 
In the calculation of total polarization, the space charge polarization is not taken 
into account, since it occurs at interface and it is very small and hence neglected. In 
addition to this, the fields are not well defined at interfaces. Therefore, the total 
polarization vector is given by, 
                                                     P= Pe+ Pi +Po                                                  ….(11)                            
where Pe is electronic polarisation, Pi  is ionic oplarisation and P0 is orientational 
polarisation 
 
6.5 Temperature and frequency dependence of polarization 
6.5.1 Relaxation time: It is the measure of time scale of polarization. It is the time taken 
for the polarization to reach 0.63 of maximum value. Electronic polarization is an 
extremely rapid process. It occurs at low to very high frequency, i.e. it occurs at all 
frequency range, i.e. from microwave to visible frequency. Ionic polarization is slower 
than electronic polarization, because it needs displacement of ions which are heavy. This 
is slow at high frequency. Orientational polarization is even slower than ionic 
polarization and the relaxation time is little high. But, space charge polarization is a 
relatively slowest process. 
In optical frequency range the dielectric constant is due to electronic polarization, where 
as the ionic and orientational polarizations are small because of the inertia of the 
molecules or sometimes they are also absent (see Fig. 6.1). 
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When the period of applied voltage is much larger than the relaxation time, then the 
polarization is essentially complete at any instant during each cycle of the applied 
voltage. In this situation, the voltage lags behind the current by 090 . So there is no 
electrical energy loss. Similarly, if the period of applied voltage is much shorter than the 
relaxation time, the polarization does not occur at all. Here also the current advances 
ahead of the voltage by 90 degree. But if the period of applied voltage is comparable to 
the relaxation time, then there will be a resonance and the current leads the voltage by 90-
δ, where δ is the loss angle and tan δ is the measure of  electrical loss due to resonance.   
 
Fig. 6.1: frequency dependence of the polarization processes 
 
When the dielectric is subjected to an alternating field, both D and P will vary 
periodically with time. In general, however, D and P cannot follow the field 
instantaneously.  In the presence of dielectric losses and relaxation effects, ε, and   are 
complex quantities composed of charging (real) and loss (imaginary) components. Thus, 
                                                      
'''*  i                                                          ….(12)     
                                                 '''*  i                                                              ….(13) 
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The loss angle is given by 
'
''
tan


  . 
It is simply related to the Q-factor of the dielectric by Q = 1/tan δ, and is obtained rather 
directly from experiment. ε‟ and  ε‟‟ are related, at any given frequency, by the Kramers-
Kronig dispersion relations. 
 
6.6 Dielectric studies of Ba1-xCaxTiO3 ceramics 
Ferroelectric materials have been applied to many electronic and optical devices, utilizing 
their excellent dielectric, piezoelectric and optical properties. Specially CaTiO3 is known 
as the typical depressor in BaTiO3 ceramics, which leads to the significant suppressing of 
the dielectric loss and the temperature coefficient of dielectric constant but only slight 
change of Curie point [1]. Considering these good dielectric properties and the relaxor 
nature, (Ba,Ca)TiO3 materials are expected as alternative candidates for tunable 
microwave dielectric materials with low dielectric loss and small temperature  
dependence. 
 
Barium titanate BaTiO3 is an ABO3 perovskite-type structure where barium and titanium 
occupy the A site and the B site, respectively, and titanium is slightly deviated from the 
center. By virtue of this structure, the barium titanate expresses ferroelectricity and, in 
turn, excellent electric properties such as dielectricity, piezoelectricity and pyroelectricity 
and, therefore, is being widely used as various electronic materials [2-4].  Also, isovalent-
substituted BaTiO3 are the promising candidates and have been actively studied. Among 
them, Ca-oped BaTiO3 (Ba1-xCaxTiO3, BCT) crystals are considered to be one of the 
foremost potential candidates for the lead-free electro-optic modulators and memory 
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devices [5]. The barium calcium titanate ( Ba, Ca)TiO3 is widely used as a barium 
titanate-based electronic material resulting from replacing a part of barium by calcium 
and, in particular, the barium calcium titanate is attracting attention as a ceramic 
capacitor material in which the temperature dependency and reliability of dielectric 
property of the barium titanate are improved [6-9]. (Ba,Ca)TiO3 applications in various 
capacitor materials (including multilayer ceramic capacitor), dielectric filter, dielectric 
antenna, dielectric resonator, dielectric duplexer, capacitor and phase shifter, and also 
include stacked piezoelectric actuator utilizing piezoelectricity. (Ba,Ca)TiO3 crystals 
show promising applications in advanced laser systems, optical interconnects, and optical 
storage devices, and the (Ba,Ca)TiO3 crystal is also an extremely promising materials for 
photorefractive applications [10], such as phase conjugation or holographic intracavity 
laser mode selection [11]. Barium calcium titanate Ba1-xCaxTiO3 is an important 
ferroelectric material because of the significant variation in its physical and structural 
properties with respect to Ca substitution.  
 
In the present work, Ba1-xCaxTiO3 ceramics were prepared by solid state reaction, using 
binary oxides or Ba and Ti carbonates as precursors [12-16]. Tiwari et al. [17,18] showed 
that dielectric behavior is controlled by the processing procedure. The relationship 
between dielectric properties and structures is discussed. The solid solubility limit is 
different from that reported earlier. 
 
6.6.1 Results and discussions: 
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Fig. 6.2(a-h) shows the temperature dependency of the dielectric constant of bulk Ba1−x 
CaxTiO3 (x = 0.0, 0.05, 0.1, 0.2, 0.25, 0.3, 0.4 and 0.5) ceramics at different frequencies. 
The figures shows, the value of εm increases gradually to a maximum value (εm) with 
increase in temperature up to the transition temperature and then decreases smoothly 
indicating a phase transition. The maximum of dielectric permittivity, εm, and the 
corresponding maximum temperature Tm, depends upon the measurement frequency for 
all the compositions. The magnitude of dielectric constant decreases with increase in 
frequency and the maxima are shifting to higher temperature. In some cases, the 
magnitude of dielectric constant almost matches with the higher frequency.   
 
 
Fig. 6.2 (a) : Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for  x=0 
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Fig. 6.2 (b) : Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for  x=0.05 
 
 
 
 
Fig. 6.2 (c): Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for x=0.1 
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Fig.6.2 (d)   : Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for x=0.2 
 
 
 
 
Fig.6.2 (e): Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for x=0.25 
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Fig. 6.2 (f): Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for  x=0. 3 
 
 
 
Fig. 6.2 (g): Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for  x=0. 4 
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Fig. 6.2 (h) : Temperature dependent dielectric constant of Ba1-xCaxTiO3 ceramics for x=0.5 
 
As seen in the Fig. 6.2, in some compositions of x, the dielectric permittivity increases 
steadily and falls exponentially, e.g. Fig.6.2 (a), Fig. 6.2 (d), and Fig.6.2 (f), but in some 
other compositions, e.g. Fig. 6.2 (b), Fig. 6.2 (c) and Fig.6.2 (e) are slightly diffuse and 
the diffusivity is prominent in Fig. 6.2 (b). The broadness or diffusiveness occurs mainly 
due to compositional fluctuation and structural disordering in the arrangement of cation 
in one or more crystallographic sites of the structure. This suggests a microscopic 
heterogeneity in the compound with different local Curie points. The nature of the 
variation of dielectric constant and non-polar space group suggest that the material may 
have ferroelectric phase transition. Fig. 6.3 shows the dielectric loss of the materials with 
varying temperature at different frequencies. 
 
It is known that the dielectric permittivity of a normal ferroelectric above the Curie 
temperature follows the Curie–Weiss law described by  
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                                      0
'
TT
C

 , (T>TC)                                                   ….(14) 
where T0 is the Curie–Weiss temperature and C is the Curie–Weiss constant.  
 
Fig. 6.3(a-h) shows the temperature dependency of the dielectric loss of bulk Ba1−x 
CaxTiO3 (x = 0.0, 0.05, 0.1, 0.2, 0.25, 0.3, 0.4 and 0.5) ceramics at different frequencies. 
The dielectric loss is found to decrease and the loss is larger at a higher measurement 
frequency. With increasing x, the dielectric loss and temperature dependence were 
significantly suppressed. 
 
 
 
Fig. 6.3 (a) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.0 
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Fig. 6.3 (b) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.05 
 
 
 
Fig. 6.3 (c) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.1 
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Fig. 6.3 (d) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.2 
 
 
 
Fig. 6.3 (e) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.25 
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Fig. 6.3 (f) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.3 
 
 
 
 
Fig. 6.3 (g) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.4 
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Fig. 6.3 (h) : Temperature dependent dielectric loss of Ba1-xCaxTiO3 ceramics for x=0.5 
 
 
Fig. 6.4 (a-h) shows the plot of inverse dielectric constant versus temperature at different 
frequencies. The parameters obtained at 10 kHz are listed in Table 6.1. The parameter 
∆Tm, which describes the degree of the deviation from the   Curie–Weiss law, is defined 
as 
                                             ∆Tm =TC W - Tm                                                              ….(15)  
 
where Tcw denotes the temperature from which the permittivity starts to deviate from the 
Curie–Weiss law and Tm represents the temperature of the dielectric maximum. The 
Curie temperature determined from the graph by extrapolation of the reciprocal of 
dielectric constant of the paraelectric region and the value obtained are given in Table 
6.1.  
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Fig. 6.4  (a). Temperature dependency 1/ ε‟ of  Ba1-xCaxTiO3 ceramics for x=0 
 
 
 
 
 
Fig. 6.4  (b). Temperature dependency 1/ ε‟ of  Ba1-xCaxTiO3 ceramics for x=0.05 
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Fig.  6.4  (c). Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for x=0.1 
 
 
 
 
 
 
Fig. 6.4 (d) . Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for x=0.2 
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Fig. 6.4 (e). Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for  x=0.25 
  
 
 
 
 
Fig. 6.4  (f). Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for x=0. 3 
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Fig.  6.4  (g). Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for x=0. 4 
 
 
 
 
 
 
Fig. 6.4 (h). Temperature dependency 1/ ε‟ of Ba1-xCaxTiO3 ceramics for x=0.5 
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The diffuse characteristics of ferroelectric–paraelectric phase transition are known to 
deviate from the typical Curie–Weiss behavior and can be described by a modified 
Curie–Weiss relationship [19,20]:  
 
                                         CTT m
m
/)(
11 

                                                  ….(16) 
 
 
 
 
Fig.  6. 5   log (1/ε – 1/εm)  vs.  log (T-Tm)  at 10 kHz 
 
 
where   and C are assumed to be constant. The parameter   gives information on the 
character of the phase transition: For    = 1, a normal Curie–Weiss law is obtained,   = 
2, describes a complete diffuse phase transition [21]. Fig. 6.5 shows the plot of 
log(1/ε−1/εm) versus log(T−Tm). The values of   were found to be 1.18 for x=0.05, 1.26 
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for x=0.1, 1.27 for x=0.2, 1.32 for x=0.25, 1.38 for x=0.3, 1.48 forx=0.4 and 1.52 for 
x=0.5(Table-6.1). The diffuse phase transition and deviation from Curie-Weiss type may 
be assumed due to disordering. The diffusiveness occurs mainly due to the compositional 
fluctuation and structural disordering in the arrangement of cations in one or more 
crystallographic sites of the structures. 
 
Table 6.1: Parameters obtained from temperature dependency dielectric study on the 
composition Ba1-xCaxTiO3 at 1 kHz 
 
             x=0.0      x=0.05  x=0.1   x=0.2   x=0.25   x=0.3   x=0.4   x=0.5 
εm               5106       4538    4393     3140     3768     1929    1749     1368 
Tm (ºC)   121        144       144      115       120        121      122       124 
To  (ºC)  113         123      125      103       102        106       109       112 
Tcw (ºC)  125         150      150      120       125        129       128       129 
ΔTm (ºC)  04          06        06        05          05         08          06        04   
                                      1.18         1.26     1.27       1.32      1.38       1.48     1.52 
 
It is also observed that, as the grain size decreases, the maximum dielectric constant and 
transition temperature decrease. Here the observed decrease in transition temperature 
may be due to the decrease in grain size. It has been established that the dielectric phase 
transition temperature near 120 ºC from tetragonal to cubic phase is marginally affected 
by the substitution of the Ca
2+
 in Ba
2+ 
site in the Ba1-xCaxTiO3 ceramics. However, 
several groups [22] suggested that there is a probability of Ca
2+
 occupying the Ti
4+
 site in 
BaTiO3 lattice, provided the atomic concentration ratio of (Ba + Ca)/Ti is larger than 
unity. This ratio leads to excess barium and thus forcing Ca
2+ 
to occupy the Ti
4+
 site. The 
occupancy will cause a drastic decrease in the dielectric phase transition temperature. 
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Table-6.1, shows that though there is a small diffuseness, the diffusitivity goes on 
increasing as the doping concentration increases.  
 
The broadening of the phase transition is better illustrated by plotting the reduced 
dielectric constant ( 
m

) as a function of reduced temperature ( ) at different 
frequencies (Fig. 6. 6(a-h)). The full width of the plot has very little dispersion over a 
wide frequency range similar to the observation made in other relaxor materials [57]. 
 
The frequency dependency of Tm is shown in Fig. 6.7 as ln f Vs. 1000/Tm. The observed 
frequency dependence of Tm was empirically evaluated using Vogel-Fulcher‟s 
relationship given as 
 
                                             











)(
exp0
fmB
a
TTk
E
ff                                              ….(17)                                                                                      
 
where 0f  is the attempt frequency, aE is the measurement of average activation energy, 
Bk  the Boltzmann constant, fT the freezing temperature of polarization fluctuation and 
0f is the pre exponential factor. The fitting of parameters having close agreement with the 
data of Vogel- Fulcher‟s relationship suggests that the relaxor behaviours in the systems 
are analogous to that of a dipolar glass with polarization fluctuations above a static 
freezing temperature. 
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Fig. 6.6 (a) : Reduced dielectric constant vs. reduced temperature for x = 0 
 
 
Fig. 6.6 (b) : Reduced dielectric constant vs. reduced temperature for x = 0.05 
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Fig. 6.6 (c) : Reduced dielectric constant vs. reduced temperature for x = 0.1 
 
 
 
Fig. 6.6 (d) : Reduced dielectric constant vs. reduced temperature for x = 0.2 
Chapter-VI                                                                                                              Dielectric Studies 
 211 
 
Fig. 6.6 (e) : Reduced dielectric constant vs. reduced temperature for x = 0.25 
 
 
 
Fig. 6.6 (f ) : Reduced dielectric constant vs. reduced temperature for x = 0.3 
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Figure 6.6 (g ) : Reduced dielectric constant vs. reduced temperature for x = 0.4 
 
 
 
 
 
Fig. 6.6 (h) : Reduced dielectric constant vs. reduced temperature for x = 0.5 
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Fig. 6.7  1000/T vs. ln f  of BCT ceramics for Vogel Fulcher relation 
  
 
6.6.2 Conclusions: 
Single-phase BCT ferroelectric compounds were prepared by solid state reaction method. 
The BCT ceramics exhibit a pure tetragonal phase for x varying from 0.00 up to 0.2, 
tetragonal and orthorhombic phases coexist for x = 0.25–0.5, along with a small change 
of the Curie point with x up to 0.5. Temperature dependency of the dielectric properties 
of BCT ceramics has been investigated at different frequencies.The result shows that εm 
decreases from 5106 to 1368 for x=0.0 to x=0.5, and correspondingly the Tm has a 
variation from 115 to 124. The Curie-Weiss temperature, T0, drastically decreases 
initially, thereafter increases gradually. This may be due to excess barium in the 
materials, which in turn, indicates the occupancy of Ca
2+ 
into the Ti
4+
 site. 
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6.7 Dielectric studies of Ba1-xPrxTiO3 ceramics 
Recent studies on doped barium titanate ceramics for their application as capacitor 
dielectrics, resistors, thermal sensors, etc., have been performed on the structural and 
phase transition behavior of the compounds and solid solutions, especially A-site 
substitution. Most of them exhibit normal phase transition behavior or diffuse phase 
transition behavior. The main A-site substitutions of ABO3-type perovskites are classified 
into the following two categories: 
 (1) iso-valent substitution, such as Ba1−xSrxTiO3 and Ba1−xCaxTiO3, in which the phase 
transition behavior varies with doping concentration [23, 24]. 
 (2) off-valent substitution, such as (Ba,La)TiO3 ceramics [25] and (Pb,La)TiO3 with 
phase transition diffuse behavior. 
 
We know that ferroelectric materials can be divided into two types, namely normal 
ferroelectrics and relaxor ferroelectrics. 
Compared with normal ferroelectric material, many studies [26, 27] showed that the 
relaxor ferroelectric is highly diffuse and its temperature Tm shifts with frequency due to 
the dielectric dispersion. Because of the diffuseness of the dielectric anomaly and the 
anomalies in the temperature dependences of some other properties, relaxors are often 
called the “ferroelectrics with diffuse phase transition”, even though no transition into 
ferroelectric phase really occurs. Recently, many researchers have shown the doping of 
different ions to BaTiO3-based ceramics, such as Sn
4+
, Zr
4+
,Mg
2+
, Co
3+
,Nb
5+
,Mn
4+
 and 
rare-earth ions [28-31] to control grain size and to improve dielectric properties for 
electronic devices application.  
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Many factors can be attributed to these two ferroelectric behaviors of BaTiO3-based 
ceramics. Doping concentration is one of the most important among them. Shvartsman et 
al. reported that Sn-doping concentration in BaTi1−xSnxO3 ceramics could result in 
normal ferroelectric, relaxor behavior, even the intermediate state with the coexistence of 
these two behaviors. However, most of the doping of ABO3 exhibits relaxor ferroelectric 
behavior [32].  
From the above investigation, it is inferred that the addition of Pr
3+
 as a dopant can also 
modify the structure and dielectric properties of the BaTiO3 ceramics. In the present 
work, Ba
2+
 is displaced by Pr
3+
 at A-site (off-valent substitution), which can lead to A-
site cation disorder and defect structure.  The purpose of this investigation is to study the 
effect of Pr ions on the structure and dielectric behavior of modified barium titanate 
dielectrics. XRD, SEM and dielectric properties measurements were employed to 
illuminate intensively, the structure and phase transition behavior of different Pr-doping 
level. 
 
6.7.1 Results and discussions: 
Fig. 6.8(a-d) shows the temperature dependency of the dielectric constant ( ‟) of bulk 
Ba1-xPrxTiO3 ceramics at different frequencies (1 kHz to 1MHz). The figures shows the 
value of temperature dependence permittivity increases gradually to a maximum value 
(εm) with increase in temperature up to the transition temperature and then decreases 
smoothly indicating a phase transition.  
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Fig. 6.8 (a): Temperature dependent dielectric constant of Ba1-xPrxTiO3 ceramics for x=0.001 
 
 
 
 
Fig. 6.8 (b): Temperature dependent dielectric constant of Ba1-xPrxTiO3 ceramics for x=0.002 
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Fig. 6.8 (c ):  Temperature dependent dielectric constant of Ba1-xPrxTiO3 ceramics for x=0.003 
 
 
 
 
 
Fig. 6.8 (d): Temperature dependent dielectric constant of Ba1-xPrxTiO3 ceramics for x=0.004 
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The maximum of dielectric permittivity, εm, and the corresponding maximum 
temperature Tm, depend upon the measurement frequency. The magnitude of dielectric 
constant decreases with increase in frequency and the maxima are shifting to higher 
temperature. This indicates that the dielectric polarization is of relaxation type in nature. 
At 1 KHz, the dielectric maximum (ε m) of Ba1-xPrxTiO3 ceramic and the observed high 
value of Tm is due to the higher grain size. It is reported that as the grain size decreases, 
the maximum dielectric constant and transition temperature decrease. The broadness or 
diffusiveness occurs mainly due to compositional fluctuation and structural disordering in 
the arrangement of cation in one or more crystallographic sites of the structure. This 
suggests a microscopic heterogeneity in the compound with different local Curie points. 
The nature of the variation of dielectric constant and non-polar space group suggest the 
ferroelectric phase transition of the material. Fig. 6.9(a-d) shows the temperature 
dependence dielectric loss of the material at different frequencies. The dielectric loss 
values of the ferroelectric phase were reduced substantially at room temperature in the 
paraelectric phase (above Tm). The observed lower temperature (below Tm) frequency 
dispersion may also have some contribution from the space charge effect. The high value 
of dielectric loss at 1 kHz is due to the presence of all types of polarization and may be 
due to the contribution from the finite resistivity of the materials. The spectrums show 
there is an increase in dielectric loss peak temperature with increase in frequency. This 
indicates that the dielectric polarization is of relaxation type 
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Fig. 6.9 (a): Temperature dependent dielectric loss of Ba1-xPrxTiO3 ceramics for x=0.001 
 
 
 
 
 
Fig. 6.9 (b): Temperature dependent dielectric loss of Ba1-xPrxTiO3 ceramics for x=0.002 
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Fig. 6.9 (c): Temperature dependent dielectric loss of Ba1-xPrxTiO3 ceramics for x=0.003 
 
 
 
 
 
 
Fig. 6.9 (d): Temperature dependent dielectric loss of Ba1-xPrxTiO3 ceramics for x=0.004 
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It is known that the dielectric permittivity of a normal ferroelectric above the Curie 
temperature follows the Curie–Weiss law described by Eq. (14). Fig. 6.10 (a-d) shows the 
plot of inverse dielectric constant versus temperature at different frequencies. The 
different parameters obtained at 1 KHz are listed in Table 6.2. The parameter ∆Tm, which 
describes the degree of the deviation from the   Curie–Weiss law, is defined by Eq. (15). 
The Curie temperature determined from the graph by extrapolation of the reciprocal of 
dielectric constant of the paraelectric region and the value obtained are given in Table 6.2  
 
 
 
 
Fig.6.10 (a): Temperature dependency 1/ ε‟ of Ba1-xPrxTiO3 ceramics for x=0.001 
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Fig.6.10 (b): Temperature dependency 1/ ε‟ of Ba1-xPrxTiO3 ceramics for x=0.002 
 
 
 
Fig.6.10 ( c): Temperature dependency 1/ ε‟ of Ba1-xPrxTiO3 ceramics for x=0.003 
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Fig.6.10 (d): Temperature dependency 1/ ε‟ of Ba1-xPrxTiO3 ceramics for x=0.004 
 
Table 6.2: Parameters obtained from temperature dependency dielectric study on the 
composition Ba1-xPrxTiO3 at 1 kHz 
 
 
                        x=0.0001    x=0.002     x=0.003    x=0.004    
εm                       6715        6880         7145            7610 
Tm (ºC)         180          180            180                180     
To  (ºC)        185         185            191                 191       
Tcw (ºC)       191           186           189                 190        
ΔTm  (ºC)     05             06             09                   10    
                         1.12          1.18          1.22                 1.27     
ΔTrelax  (ºC)  11             05             05                   05   
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The diffuse characteristics of ferroelectric–paraelectric phase transition are known to 
deviate from the typical Curie–Weiss behavior and can be described by a modified 
Curie–Weiss relationship [33, 34] given by Eq. (16). In this equation parameter   gives 
information on the character of the phase transition: For    = 1, a normal Curie–Weiss 
law is obtained,   = 2, describe a complete diffuse phase transition [35].  Fig. 6.11 (a-d) 
shows the plot of ln(1/ε−1/εm) versus ln(T−Tm). The values of   were found to be 1.12, 
1.18, 1.22 and 1.27 at frequencies 1 kHz (Table-6.2). Thus, it is clear that, there is a clear 
diffuse phase transition which increases gradually with increase in frequency. The diffuse 
phase transition and deviation from Curie-Weiss type behaviour may be assumed due to 
disordering. The diffusiveness occurs mainly due to the compositional fluctuation and 
structural disordering in the arrangement of cations in one or more crystallographic sites 
of the structures. 
 
 
Fig.6.11:  Plot of ln(1/ε‟−1/εm) vs.  ln(T−Tm) for Ba1-xPrxTiO3 ceramics 
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The broadening of the phase transition is better illustrated by plotting the reduced 
dielectric constant ( 
m

) as a function of reduced temperature ( ) at different 
frequencies (Fig. 6.12 (a-d)). The full width of the plot has very little dispersion over a 
wide frequency range similar to the observation made in other relaxor materials [36]. 
 
 
 
 
Fig. 6.12 (a): Reduced dielectric constant ( 
'
m

) vs. reduced temperature ( ) at different frequencies for 
x = 0.001 
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Fig. 6.12 (b): Reduced dielectric constant  (
'
m

) vs. reduced temperature ( ) at different frequencies for 
x = 0.002 
 
 
 
 
Fig. 6.12 (c): Reduced dielectric constant (
'
m

) vs. reduced temperature ( ) at different frequencies for 
x = 0.003 
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Fig. 6.12 (d): Reduced dielectric constant (
'
m

) vs. reduced temperature ( ) at different frequencies for  
x = 0.004 
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Fig. 6.13:   1000/T  vs. ln f for BPT ceramics for Vogel Fulcher relation 
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Randomly distributed electrical field or strain field in a mixed system is the main reason 
leading to the relaxor behaviour. In the present study of solid solution, Ba1-xPrxTiO3, Pr 
ions occupy the A-site of ABO3 perovskite structure. In perovskite-type compounds the 
relaxor behaviour appears when at least two cations occupy the same crystallographic 
sites A or B. Both Ti and Pr are ferroelectrically active and these cations are off-centred  
in the octahedral site giving rise to a local dipolar moment. Different effects of A-site 
substitution on cation ordering and stability of the polar region are considered to be based 
on the polarisibility of cations and the tolerance factor of perovskite structure. For 
perovskite structure with formula ABO3, the tolerance factor is given by 
 
                                         
 OB
OA
RR
RR
t



2
                                                               ….(18) 
 
where RA is the radius of A, RB the radius of B and RO the radius of O. As t increases, the 
normal ferroelectric phase becomes stabilized. Stresses were introduced into the lattice 
during cooling after sintering process. Mechanical stress in the grain is one of the reasons 
of relaxor behaviour in Ti-mixed composition [37, 38]. The observed high value of γ and 
relaxation strength are due to the large difference in ionic radius of Ba 
2+
  (2.78 A˚) and 
Pr 
3+
(1.13 A) at the A-site of the perovskite structure. 
 
6.7.2 Conclusions: 
Single-phase perovskite Ba1-xPrxTiO3 ferroelectric compound has been prepared through 
solid state reaction method. Temperature dependency of the dielectric properties of Ba1-
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xPrxTiO3 ceramic has been investigated at different frequencies, which shows a typical 
relaxor-like behaviour far below room temperature. The result shows that εm decreases 
from 6715 to 7610, and correspondingly the Tm has a fixed value at 180 K. TheCurie-
Weiss temperature, T0, decreases gradually. That is the quantitative characterization of 
the relaxor behaviour based on the empirical parameters and confirms the relaxor 
behaviour of the composition Ba1-xPrxTiO3. 
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6.8 Dielectric studies of Ba1-xDyxTiO3 ceramics 
Perovskite-based ferroelectrics materials attract considerable interest owing to rich 
diversity of their physical properties and possible applications in various technologies 
like memory storage devices [39], micro-electromechanical systems [40], multilayer 
ceramic capacitors [41], and recently in the area of opto-electronic devices [42]. These 
useful properties have most often been observed in lead-based perovskite compounds, 
such as PMN, PST, PLZT [43 -45]. The enhanced properties of these compounds are 
attributed to their relaxor behavior, observed in doped (mixed) perovskites. However,  
these compositions have obvious disadvantages of volatility and toxicity of PbO. 
Therefore, much effort has been carried out towards investigating environment-friendly 
„Pb-free‟ ceramic materials. Specifically, BaTiO3 and its isovalent substituted materials 
are the promising candidates for microwave and opto-electronic applications. 
 
The effect of substitution on dielectric relaxation, ferroelectric phase transition and 
electrical properties of BaTiO3 has been extensively studied [46, 47]. On partial 
substitution of dopants like Ca, Sr, Zr [48-50], the variation of ε around Tc gets 
broadened out in both ceramics and single crystal samples. Broadening increases with 
increasing concentration of the dopant, as also does the deviation from Curie–Weiss 
behavior at temperatures above the peak temperature (Tm) of the ε‟-T variation. The 
observed broadening in ε - T variation has generally been attributed to the presence of 
nano-regions resulting from local composition variation over length scale of 100–1000 
A°. Different nano-regions in a macroscopic sample transform at different temperatures, 
giving rise to a range of transformation temperatures, the so-called „Curie range‟. Thus 
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the compositional fluctuation [44, 49], in an otherwise compositionally homogenous 
system leads to diffuse phase transition (DPT). In compositionally homogenous systems 
quenched random disorder breaks the long-range polar order at unit cell level, leading to 
broad 
'
'  - T  response [45]. Such materials exhibit slow enough relaxation dynamics and 
hence have been termed as ferroelectric relaxors [43-45]. A series of impurity doped 
BaTiO3 systems such as Sn, Ce, Zr, etc. have shown ferroelectric relaxor behavior. 
Among these the Zr-substituted BaTiO3 ceramics have received renewed attention due to 
their enhanced properties both in single crystals and ceramics [50]. In the present 
investigation, we have studied the ferroelectric relaxor behavior in lower concentration 
Dy-substituted BaTiO3 ceramics, by monitoring the variation of their dielectric 
permittivity with temperature in the range of 60–350 K and in the frequency range of 
1Khz to 1Mhz. Till date, only limited amount of work has been carried out for Dy doping 
in BaTiO3 [51, 52) ceramics like its effect on dielectric and structural properties. Detailed 
structural and dielectric studies have been carried out. The data have been quantitatively 
analyzed in terms of parameters characterizing the relaxor behavior. 
 
6.8.1 Results and discussions of Ba1-xDyxTiO3 ceramics (dielectric studies) 
The temperature dependence of the dielectric permittivity of Ba1-xDyxTiO3 ceramics is  
shown in  Fig. 6.14 (a-d). Unlike BaTiO3,  the transition is quite diffuse. The paraelectric 
to ferroelectric phase transition temperatures (Tc) as compared to that of the BaTiO3, 
have decreased. The three phase transitions, which are observed in BaTiO3, have got 
pinched and merged into one round peak in ε‟-T variation. The results obtained can be 
described as in the following: 
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Fig. 6.14 (a): Temperature dependent dielectric constant of Ba1-xDyxTiO3 ceramics for x=0.01 
 
 
 
 
 
 
Fig. 6.14 (b): Temperature dependent dielectric constant of Ba1-xDyxTiO3 ceramics for x=0.025 
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Fig. 6.14 (c):  Temperature dependent dielectric constant of Ba1-xDyxTiO3 ceramics for x=0.05 
 
 
 
 
 
Fig. 6.14 (d): Temperature dependent dielectric constant of Ba1-xDyxTiO3 ceramics for x=0.075 
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(1) There is a broad peak around Tm = 200 K in the ε‟ - T curve. With increasing 
frequency, Tm increases, while the magnitude of the peak decreases. 
(2) There is a strong dielectric dispersion in radio frequency region around and below Tm 
in the ε‟–T curve. 
The above described features of (ε‟ - T) variations shown in Fig. 6.14 are very much 
similar to the observations by Cross, Lu, Cheng, Chen and other workers [43-44, 48, 50, 
53] for various lead-based and lead-free ferroelectric relaxor materials. In order to further 
confirm the relaxor behavior, the quantitative characterizations as described in the 
following sections have been done. Fig. 6.15 (a-d) shows the dielectric loss of the studied 
material at different frequencies with varying temperatures. The spectrums show there is 
an increase in dielectric loss peak temperature with increase in frequency. This indicates 
that the dielectric polarization is of relaxation type 
 
 
Fig. 6.15 (a):  Temperature dependent dielectric loss of Ba1-xDyxTiO3 ceramics for x=0.01 
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Fig. 6.15 (b):  Temperature dependent dielectric loss of Ba1-xDyxTiO3 ceramics for x=0.025 
 
 
 
 
Fig. 6.15 (c):  Temperature dependent dielectric loss of Ba1-xDyxTiO3 ceramics for x=0.05 
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Fig. 6.15 (d):  Temperature dependent dielectric loss of Ba1-xDyxTiO3 ceramics for x=0.075 
 
The dielectric loss is found to decrease and the loss is larger at a higher measurement 
frequency. With increasing x, the dielectric losses were significantly suppressed. The 
high value of dielectric loss at 1 kHz is due to the presence of all types of polarization 
and may be due to the contribution from the finite resistivity of the materials. This 
indicates that the dielectric polarization is of relaxation type. 
6.8.2 Permittivity variation in the high temperature side 
It is known that dielectric permittivity of a normal ferroelectric above Curie temperature 
follows the Curie–Weiss law described by Eq. (14).  Fig. 6.16 (a-d) shows the inverse of 
ε‟ as a function of temperature at 10 kHz and its fit to the experimental data by Curie–
Weiss law. A deviation from Curie–Weiss law starting at Tdev can be clearly seen. The 
parameter ΔTm, which is often used to show the degree of deviation from the Curie-
Weiss law is defined by Eq. (15). The TCW as determined from the Curie–Weiss fit, is 
TCW = 141-144 K, at 10 kHz.  
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Fig.6.16 (a):  Temperature dependency 1/ ε of Ba1-xDyxTiO3 ceramics for x=0.01 
 
 
 
Fig.6.16 (b):  Temperature dependency 1/ ε of Ba1-xDyxTiO3 ceramics for x=0.025 
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Fig.6.16 (c):  Temperature dependency 1/ ε of Ba1-xDyxTiO3 ceramics for x=0.05 
 
 
 
Fig.6.16 (d):  Temperature dependency 1/ ε‟  of Ba1-xDyxTiO3 ceramics for x=0.075 
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For such relaxor behavior, a modified Curie–Weiss law has been proposed by Uchino and 
Nomura, [54-55] to describe the diffuseness of the phase transition. This is defined as in 
the following                                                                                              
 
CTT m
m
/)(
11 

                                              ….(19) 
 
where   and C are assumed to be constant. The parameter   gives information on the 
character of the phase transition. Its limiting values are   = 1 and   = 2 in expression (3) 
of the Curie–Weiss law,   = 1 is for the case of a normal ferroelectric, and the quadratic 
dependence is valid for an ideal ferroelectric relaxor, respectively [50, 56]. Thus, the 
value of   can also characterize the relaxor behavior. The plot of ln (1/ε−1/εm) as a 
function of ln (T−Tm) is shown in the Fig. 6.17 (a-d) by fitting with Eq. (16), the exponent 
γ, determining the degree of the diffuseness of the phase transition, is obtained from the 
slope of ln(1/ε−1/εm) versus ln(T−Tm) plot.  We obtained the value of the parameter γ to 
be very close to 2, suggesting that the prepared ceramic is a relaxor ferroelectric [54, 56]. 
Yet another parameter, which is used to characterize the degree of relaxation behavior in 
the frequency range of 100 Hz to 100 kHz, is described [56] as 
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Fig.6.17:  Plot of ln(1/ε−1/εm) vs.  ln(T−Tm) of  Ba1-xDyxTiO3 ceramics 
 
)1()100(Re KhzTKhzTT mmlax                                         ….(20) 
The value of ΔTrelax was determined to be 14.63 K for the present sample. The above 
characterization done on the basis of Curie–Weiss law and the value of empirical 
parameters like ΔTm, γ, and ΔTrelax suggest that the permittivity of Ba1-xDyxTiO3 ceramic 
follows Curie-Weiss law only at temperatures much higher than Tm. Thus the large 
deviation from the Curie–Weiss behavior, large relaxation temperature γ Trelax, and γ   
2.0, (see Table-6.3) suggests that Ba1-xDyxTiO3 is a relaxor ferroelectric. 
 
The broadening of the phase transition is better illustrated by plotting the reduced 
dielectric constant ( 
m

) as a function of reduced temperature ( ) at different 
frequencies (Fig. 6.18). The full width of the plot has very little dispersion over a wide 
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frequency range similar to the observation made in other relaxor materials [57]. The 
different parameters obtained at 1 KHz are listed in Table 6.3. 
 
Fig. 6.18 (a): Reduced dielectric constant ( 
m

) vs. reduced temperature ( ) at different frequencies for  
x = 0.01 
 
Fig. 6.18 (b): Reduced dielectric constant ( 
m

) vs. reduced temperature ( ) at different frequencies for  
x = 0.025 
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Fig. 6.18 (c): Reduced dielectric constant ( 
m

) vs. reduced temperature ( ) at different frequencies for  
x = 0.05 
 
 
 
 
Fig. 6.18 (d): Reduced dielectric constant ( 
m

) vs. reduced temperature ( ) at different frequencies for  
x = 0.075 
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Table 6.3: Parameters obtained from temperature dependency dielectric study on the 
composition Ba1-xDyxTiO3 at 1 kHz 
 
                    x=0.01    x=0.025     x=0.05    x=0.075    
εm                     3011        3075          3139       3733 
Tm (ºC)         129            129            129         129 
To  (ºC)         154            175           180          135  
Tcw (ºC)         143            143           141          144 
ΔTm  (ºC)       14               14             12            15      
                            1.94            2.00          2.08         2.09 
ΔTrelax (ºC)    26               26             26            14   
 
 
The frequency dependency of Tm is shown in Fig. 6.19 as ln f vs. 1000/Tm. The observed 
frequency dependence of Tm was empirically evaluated using Vogel-Fulcher‟s 
relationship given as 











)(
exp0
fmB
a
TTk
E
ff                                          ….(21) 
where 0f  is the attempt frequency, aE is the measurement of average activation energy, 
Bk  the Boltzmann constant, fT the freezing temperature of polarization fluctuation and 
0f is the pre exponential factor. The fitting parameters for the composition (x=0.05) are 
found to be, aE = 0.1109 eV, fT = 113 K, 0f = 
11101.7   Hz. (with reference to Fig. 
6.19). The fitting parameters having close agreement with the data of Vogel- Fulcher‟s 
relationship suggests that the relaxor behaviours in the systems are analogous to that of a 
dipolar glass with polarization fluctuations above a static freezing temperature. 
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Fig. 6.19: Frequency dependence of Tm for Ba0.95Dy0.05TiO3 ceramic. The symbols and solid line indicate 
data points and fit to Vogel–Fulcher relationship, respectively 
 
The occurance of relaxor in Zr-substituted barium titanate [50, 58-59] has been attributed 
to the existence of nano-polar region due to Zr doping. The replacement of Ti
4+
 by Zr
4+
 
ions is known in the classical ferroelectrics [58-59]. The increasing substitution decreases 
the Curie temperature, which is related to the ionic radius of the dopand. In the case of 
BaZr0.3Ti0.7O3 (BZT) [50, 58-59] where the ionic radius of Zr
4+
 (0.88 A° ) is higher than 
Ti
4+
 (0.605 A° ) by 0.275 A° , the Tc = 280 K is lower than that of the pure BaTiO3 (Tc = 
395 K). For Ba1-xDyxTiO3, in the present studies, Tc = 143 K, which is much lower than 
that of the Zr doped one. Whereas the ionic radius of Dy
3+ 
(0.91 A°) is not much different 
than the ionic radius of Zr
4+
.  
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It can be seen from the comparative structural study of Ba1-xDyxTiO3 and BaTiO3 using 
XRD and SEM, that nano-scale defect features are present in Ba0.95Dy0.05TiO3. It appears 
that substitution of Dy causing nano-scale compositional heterogeneity due to presence of 
defects [57-60] creating nano-polar domains. It has been suggested that polar nano-
domains are responsible for the relaxational behavior in PMN and PLZT [48] systems. 
The substitution of Dy ions tends to make the distance between off-center Ti dipoles 
larger and thus weakening the correlation between these dipoles. The mismatch in the 
size of Ti and Dy ions will cause substitutional distortion of the oxygen octahedra, giving 
rise to the local electric-field and strain-field. Also the ferroelectric behavior of Ba1-
xDyxTiO3 depends on the competitions between long-range ordering owing to strong 
correlation of the off-center Ti dipoles and the random fields induced by Dy doping, thus 
the existence of these fields leads to the destruction of long-range ferroelectric ordering 
and nanopolar coherent domains get formed giving rise to the relaxor behavior. 
 
6.8.3 Conclusions 
Based on the X-ray diffraction and dielectric studies of Ba1-xDyxTiO3 ceramic, it can be 
concluded that Dy substitution in BaTiO3 forms a perovskite tetragonal phase structure at 
room temperature. The occurrence of diffuse phase transition and strong frequency 
dispersion of maxima in the permittivity versus temperature, strongly indicate the relaxor 
behavior for this Ba1-xDyxTiO3 ceramic. The quantitative characterization and 
comparison of the relaxor behavior based on empirical parameters (ΔTm, γ, γTdif and 
ΔTrelax) confirm its relaxor behavior.  
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Conclusion and Future scope 
 
7.1 Conclusion 
 
 
From the X-ray diffraction studied of Ba1-xCaxTiO3 ceramics it is observed that 
single-phase BCT compounds were prepared by solid-state reaction method. The BCT 
ceramics exhibit a pure tetragonal phase for x from 0.00 up to 0.25, tetragonal and 
orthorhombic phases coexisted for x = 0.3–0.5. Relations of various X-ray parameters of 
Ba1-xCaxTiO3 ceramics have been studied. This gives a better understanding of the 
material. We may say, the deviation of various parameters at x=0.3 may be due to the co-
existence of different phases. Whereas, x 0.25, it is in a single phase and follows a 
singular trend. From Rietveld refinement, we have found that tetragonal BaTiO3 in 
nanocrystalline form can be obtained by ball milling the stoichiometric powder mixture 
of BaCO3, CaCO3 and TiO2. The material is found to be dense as c/a ratio is more than 
1.The decrease in lattice parameters signifies the reduction in lattice strain. The crystallite 
size decreases as Ca modifies BaTiO3 ceramics.  At last we get a clear picture of the 
crystal structure of Ba0.9Ca0.1TiO3 ceramics in terms of different positions of the atoms, 
bond lengths and bond angles. Different void-species parameters have also been 
calculated and explained quantitatively for all the studied compositions of the virgin and 
modified BaTiO3 ceramics. It is seen that the inter-atomic distance, nano-void diameter 
and nearest neighbour distance vary almost in the same way with different compositions 
for all the three different kind of samples. As a result of correlation observed, the values 
of r parameter are found to be very close to D parameter. We may say that the internal 
structural nano-voids may be responsible for the origin of LSS  in X-ray scattering in the 
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framework of Elliott’s void-based model. Also, here we have observed the variation in 
Ehrenfest’s number only in the fifth significant figure but, almost it gives 1.23 (approx.). 
The euhedral microstructures are clearly seen in the SEM micrographs. The analysis 
shows that the grains are almost equaxed. The roundedness and the aspect ratios of 
almost all the samples are found to be closer to one for the largest grain. The grain size 
shows very interesting behavior, e.g. it increases as the doping concentration increases 
and again decreases beyond x=0.1, upto x=0.4, and for x=0.5 the grain size again 
increases. The EDX analysis shows that, for all the doping concentration, the theoretical 
wt% of the elements is more or less the same with the wt% calculated from the EDX 
spectra. This shows a consistency of the elemental wt% present in the green ceramics. 
 
The BCT ceramics exhibit a pure tetragonal phase for x from 0.00 up to 0.2, 
tetragonal and orthorhombic phases coexisted for x = 0.25–0.5, along with a small change 
of the Curie point with x up to 0.5. Temperature dependency of the dielectric properties 
of BCT ceramics has been investigated at different frequencies. The result shows that εm 
decreases from 5106 to 1368 for x=0.0 to x=0.5, and correspondingly the Tm has a 
variation from 115 to 124. The Curie-Weiss temperature, T0, drastically decreases 
initially, thereafter it increases gradually. This may be due to excess of barium in the 
materials, which in turn indicates the occupancy of Ca
2+ 
in the Ti
4+
 site. 
 
In the entire studied range, single-phase perovskite Ba1-xPrxTiO3 ferroelectric 
compound has been prepared through solid-state reaction method. The Pr-modified 
ceramic materials maintain a trend till x=0.003 and then they deviate from their sequence 
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and behave oppositely. This deviation may be due to some Pr
3+
 replacing Ti
4+ 
instead of 
Ba
2+  
in this ceramic. Since the ion radius for Pr
3+
 is much larger than that of Ti
4+
.  Pr
3+
 
replacing Ti
4+    
in the octahedral sites of the perovskite structure will cause a localized 
expansion of the unit cell, and result in a lattice distortion. It is seen that with addition of 
Pr the modified BT materials decrease their % crystallinity exponentially and minimum 
at x=0.004 with 93.63 %. It does not mean that, it gets amorphised. Structural analysis of 
Praseodymium-modified BaTiO3 is conducted. The variation of different structural 
parameters w.r.t. different composition is shown. The 100% RI peak has a key role in 
understanding the structure of the material. 
 
The Rietveld refinement of Ba1-xPrxTiO3 ceramics for X = 0, 0.001 shows that all 
the figure of merit parameters, the average crystallite size, r.m.s. microstrain and the 
lattice parameters, follow a peculiar trend. All the above parameters change non-linearly 
and are closely related and follow a wavy nature with increasing doping concentration of 
praseodymium to BaTiO3. At last, we get a clear picture of the crystal structure of 
Ba0.999Pr0.001TiO3 ceramics in terms of positions of the different atoms, bond lengths and 
bond angles. 
 
The SEM images of BPrT produced at this temperature were observed shriveled 
irregular particles with a smooth surface. The chemical compositions of the samples were 
checked by EDX analysis, which confirmed the high purity of the prepared samples. 
Results indicated that below the critical concentration of Pr the substitution took place in 
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the barium sub-lattice with electronic compensation, and above the critical concentration, 
gradually the rare earth ions begin to substitute for titanium. 
 
Temperature dependency of the dielectric properties of Ba1-xPrxTiO3 ceramic has 
been investigated at different frequencies, which shows a typical relaxor-like behaviour 
far below room temperature. The result shows that εm decreases from 6715 to 5719, and, 
correspondingly, the Tm has a variation from 180.31 K to 193.23 K. The Curie-Weiss 
temperature, T0, decreases gradually. That is, the quantitative characterization of the 
relaxor behaviour based on the empirical parameters confirms the relaxor behaviour of 
the composition Ba1-xPrxTiO3. 
 
 Based on the X-ray diffraction studies of Ba1-xDyxTiO3 ceramics it can be 
concluded that Dy substitution in BaTiO3 forms a perovskite tetragonal phase structure at 
room temperature. The Dy-modified ceramic materials do not maintain any sequence. 
But in most of the cases, the different parameters remain swinging within a small range. 
Or, in other words, we may say the parameters are almost same within the studied range. 
This deviation may be due to some Dy
3+
 replacing Ti
4+
 instead of Ba
2+
 in this ceramic. 
Since the ion radius for Dy
3+
 is much larger than that of Ti
4+
,  Dy
3+
 replacing Ti
4+
 in the 
octahedral sites of the perovskite structure will cause a localized expansion of the unit 
cell, and result in a lattice distortion.   It is seen that, with addition of Dy, the modified 
BT materials decrease their % crystallinity exponentially and have a minimum at x=0.05 
with 92.68 %,  and again the crystallinity increases for x=0.075. Structural analysis of 
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dysprosium-modified BaTiO3 is analysed. The variation of different structural parameters 
w.r.t. different composition is shown.  
 
The Rietveld refinement of Ba1-xDyxTiO3 ceramics for x =  0.01 shows that all the 
figure of merit parameters, the average crystallite size, r.m.s. microstrain and the lattice 
parameters, follow a peculiar trend. Initially they decrease and thereafter remain 
constasnt. It seems that after certain range the crystallite size, and strain do not change 
and remain same and are interdependent. At last, we get a clear picture of the crystal 
structure of Ba0.99Dy0. 01TiO3 ceramics in terms of positions of the different atoms, bond 
lengths and bond angles. 
 
The SEM images of produced dysprosium-substituted barium titanate ceramics 
were observed highly euaxed particles with a smooth surface.  The roundedness and 
aspect ratios of all the samples are found to be closer to one. The chemical compositions 
of the samples were checked by EDX analysis, which shows a consistency of the 
elemental wt % present in the green ceramics, it also confirmed the high purity of the 
prepared samples. The grain size shows very interesting behavior, e.g. for x = 0.01 it is 
less and for x=0.025, 0.05 it increases, but further as the doping concentration increases, 
i.e. x=0.075, it decreases and becomes minimum.  Results indicate that below the critical 
concentration of Dy, the substitution took place in the barium sub-lattice with electronic 
compensation, and above the critical concentration, gradually the rare-earth ions begin to 
substitute for titanium. 
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 The occurrence of diffuse phase-transition and strong frequency dispersion of 
maxima in the permittivity versus temperature plots strongly indicate the relaxor behavior 
for this Ba1-xDyxTiO3 ceramics. The quantitative characterization and comparison of the 
relaxor behavior based on empirical parameters (ΔTm, γ, γTdif and ΔTrelax) confirms their 
relaxor behavior.  
 
7.2 Future scope 
As explained earlier, BaTiO3 is an important material as it has a wide range of 
applications in different fields. Thus, it has a wide prospect. Since microstructure 
controlls the physical properties of a material, there are different ways to control the 
microstructure and hence its properties. In future, the same material may be studied in the 
form of thin films with different processes and materials parameters. Different thin film 
preparation techniques can be used, sputtering is one of them. Other characterization 
tools can be used in thin film mode like, AFM, Raman scattering, photoluminescence, 
ellipsometry, etc. to study its structural, optical and electrical properties. The results so 
obtained can be compared with the available results and suitability can be decided. The 
thin film can also be irradiated with swift heavy ions, or with same cations to see the 
change in the properties for comparisons. The same processes can be repeated time and 
again with complex structure (combination of iso+ alio-valent) of modified BaTiO3 and 
the phase formation, other structural parameters, optical properties, electrical properties, 
etc. can be studied. 
 
